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This research work is focused on advanced characterization of multifunctional 
thin film materials by using biased scanning probe microscopy techniques. The first 
material which is characterized in this study is BFO, a well-studied multiferroic and 
the other material is ZnO, one of the potential future materials for advanced electronic 
applications. Scanning probe microscopy techniques, Piezoresponse Force 
Microscopy (PFM) and Kelvin Probe Force Microscopy (KPFM) are used in this 
work to characterize these materials for its multifunctional behavior. PFM technique 
is used for the ferroelectric domain imaging and switching, and for dc biased writing. 
However, KPFM is used to study the surface potential and charge transportation 
behaviors.  
Firstly, undoped BFO thin films were studied for the coupling effect of 
mechanical stress and magnetic field on its electrical properties. The results indicate 
that there is change in the ferroelectric domain and its switching behavior under the 
coupling effects of mechanical stress and magnetic field. This study is very useful in 
device designing and application if BFO is selected as a material. In addition the 
effects of magnesium (Mg) doping on Bi0.9La0.1FeO3 properties were also studied. 
The domain switching results suggests that switching became easier after Mg doping. 
It is also noticed that the Mg doping enhanced the information storage capabilities in 
the Bi0.9La0.1FeO3 thin films. KPFM study results revealed the presence and migration 
of oxygen vacancy in the doped sample when electric field was applied.  
 Secondly, ZnO is studied for the effect of copper doping on its ferroelectric 
properties.  It is found that copper gives rise to the ferroelectric-like behavior 
xi 
 
observed in doped ZnO. Only positive bias could switch the polarization while there 
is no effect of negative bias on polarization switching. A time-dependent study on 
polarization relaxation process concluded that the switched polarization can last even 
longer than 65 hrs. This study indicates that copper doped zinc oxide can be used for 
future data-storage application, if the positive dc bias is used for writing the 
information and negative to erase. 
 In another study on ZnO thin film, the charge storage possibility in Cu and Co 
codoped ZnO thin films were characterized. The surface potential results under an 
unbiased condition show that the contact between the conductive tip (Pt-coated) and 
codoped ZnO surface has changed to Ohmic from the original Schottky contact in 
undoped ZnO. Therefore, more quantity of charge (both positive and negative) can 
store in the thin film sample. In addition, the codoped ZnO film has higher resistivity 
compare to the single element doped ZnO, which basically give rise to the 
polarization in the material. When the dc bias is applied on the sample surface, more 
charge could store as polarization and injected charge rather than the surface charge. 
This led to the long lasting stability of the bipolar charge in Cu and Co co-doped ZnO 
thin film. 
 Finally, undoped ZnO thin films were investigated based on the contact 
engineering. A ferroelectric-like behavior is observed under certain combination of 
condition in ZnO. Some of the important conditions are: the top and bottom electrode 
(Pt found best), oxygen partial pressure, film deposition temperature, film thickness 
and the bias voltage. It is found that a 240 nm thick film, with Pt as bottom electrode, 
deposited under medium partial pressure and fully crystalline structure shows 
ferroelectric-like behavior. Therefore undoped ZnO also have some possibility for 
information storage application.      
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Chapter 1: Introduction 
 
In the modern technology, magnetic and electronic materials are frequently 
being used for most of the engineering and functional devices. For example, 
ferromagnetic materials, which show a spontaneous magnetic polarization, are being 
used to store a vast amount of information data generated by various processes. This 
polarization can be reversed by an application of magnetic field. Similarly, 
ferroelectric materials, which exhibit spontaneous electric polarization, are being used 
in many sensors and actuator devices. This electric polarization can be switched by an 
electric field. In addition, ferroelastic materials, which exhibit strain under an electric 
field, are being used in many actuators and detectors devices. These materials can 
generate voltage when subjected to the strain.  
The materials, which show coupling between two or more of these properties 
in a single phase, are known as multiferroics [1]. In multiferroics, the materials, which 
show magnetism and ferroelectricity in a single phase, are known as magnetoelectric 
multiferroic. Such materials can be used to control electrical properties by a magnetic 
field or the magnetic spin by an applied electric field. Therefore, these materials are 
suitable for a new kind of multifunctional device. The earlier efforts to form a 
multiferroic were mainly focused on having both ferroelectricity and magnetism in a 
single material [2]. Which later found difficult, because the driving mechanisms for 
ferromagnetism and ferroelectricity are mutually exclusive on the atomic level [1, 3-
6]? The first one needs empty and the other one needs partially filled orbital in the 
transition metal ion of the material respectively [4]. It was also observed that the 
presence of both ferroelectric and ferromagnetic dipoles does not guarantee strong 






different and do not strongly interfere with each other [7, 8]. Recent advancement in 
thin film growth techniques and experimental methods for observing magnetic and 
electric domain, have accelerated the research interest in this area and provided the 
opportunities for the development of new multiferroic materials [9].  
1.1 Order parameters in Multiferroics 
 To understand the structure and properties of multiferroic material, it is better 
to understand why it is difficult to observe both ferroelectricity and magnetism in a 
single phase material [4, 6, 10]. Generally-speaking, ferroelectrics are transition metal 
oxide having an empty d shell of transition ion. The positively charged ion tends to 
form molecules with one or more negatively charged oxygen ion at the neighboring 
positions. This collective shifting of cations and anions inside a periodic crystal 
induces the bulk polarization. The mechanisms of the covalent bonding or electron 
pairing in such molecules are the virtual hopping of the electrons from the filled 
oxygen shell to the empty d shell of a transition metal ion. 
 Whereas, for the magnetism the d shell of the transition ion should be partially 
filled, because the spin of electrons in a completely filled shell result in net zero 
charge and do not produce any magnetic ordering in the material. The uncompensated 
spins of different transition metal ions produce a long range magnetic order. Thus, in 
such way the two mechanisms are not completely different to produce ferroelectricity 
and magnetism, but in the way of filling d shells. This makes these two orders 
mutually exclusive. Certain compounds, such as BiMnO3 and BiFeO3 show 
ferroelectricity with Mn3+ and Fe3+ as magnetic ions. However, ferroelectricity is due 
to the Bi ion with two electrons in the 6s orbital, which moves away from the 
centrosymmetric position in its oxygen surrounding [11]. As the ferroelectric and 






between them is generally weak. BiMnO3 is a unique material which shows both 
ferroelectric polarization and magnetization in reasonably large order [8, 12, 13];  
even then only 0.6% change in dielectric constant value was observed, when 9 T 
magnetic field was applied at ferromagnetic transition temperature (~ 110 K). 
1.2 Single Phase Thin Film Multiferroic 
The development of thin films growth techniques created the great interest in 
multiferroics due to the production of non-equilibrium phases and strain engineering 
in the existing materials [14]. Thin film's structures gave a new direction to discover 
and stabilize the number of new multiferroic materials in conjunction with the 
availability of high quality materials which can be produced in larger lateral size 
compared to the samples in single crystal form. In general, sputtering, spin coating, 
pulsed laser deposition (PLD), sol-gel processes, metal-organic chemical vapor 
deposition (MOCVD), molecular beam epitaxy (MBE) are the common techniques 
for thin film sample deposition, which are also being used for multiferroic thin films.  
Only a few classes of multiferroic materials, such as hexagonal manganites, 
Bi-based and Pb-based perovskites have been prepared as single phase thin films. The 
first multiferroic investigated was the hexagonal manganite YMnO3, because of its 
geometric ferroelectricity leads to a uniaxial polarization perpendicular to the plane of 
the film [15]. Primarily, RF magnetron sputtering is used to form epitaxial films such 
as MnO3 on (111) MgO, (0001) ZnO on (0001) sapphire and various polycrystalline 
films on (111) Pt/ (111) MgO. Later, it is also found that the metastable non-
ferroelectric cubic perovskite structure can be stabilized in thin film by using 
appropriate deposition and annealing conditions, and the substrates [16]. Therefore, 
YMnO3 films have been grown on various substrates using different deposition 






those in the bulk form, but a reduction in ferroelectric polarizations and dielectric 
response is observed compared with those in the single-crystal materials.  
Another type of multiferroic is Bi-based perovskite BiFeO3 (BFO), which is 
the most widely studied, single-component multiferroic material because of its large 
polarization and high Curie temperature (~ 1103 K). BFO is generally suitable for the 
applications in ferroelectric non-volatile memories and high temperature applications 
[25]. Thin films grown by a variety of techniques [26-30] show the large values of 
polarization compare to that in the bulk sample, which converges to the ~ 90 µC cm-2 
along the [111] direction of the pseudo-cubic perovskite unit cell. This polarization 
value is consistent with the value given by first principle calculations [31].   
The magnetic properties of BFO thin films are also different than its bulk 
properties. Bulk BFO has been known for its antiferromagnetic property with Neel’s 
temperature of TN ≈ 643 K [32].   The Fe magnetic moments are coupled 
ferromagnetically within the pseudo-cubic (111) planes and antiferromagnetically 
between adjacent planes. If the magnetic moment is oriented perpendicular to the 
[111] direction, as predicted by the first principle calculations [33], the symmetry 
permits a canting of the antiferromagnetic sub-lattices resulting in the macroscopic 
magnetization or weak magnetization [34, 35]. However, a spiral spin structure is 
superimposed on antiferromagnetic ordering, in which the antiferromagnetic axis 
rotates through the crystal with an incommensurate long-wavelength period of ~ 620 
Å [36]. This spiral spin structure leads to a cancellation of any macroscopic 
magnetization and inhibits the observation of the linear magnetoelectric effect [37]. 
However, significant magnetization (~ 0.5 µB per unit cell) and a strong 
magnetoelectric coupling have been observed in epitaxial thin films, [26] and this 






1.2.1 Structure and multiferroic properties of BFO        
 The BFO structure is characterized by two distorted perovskite unit cell 
(Figure 1.1a) connected along their body diagonal to form a rhombohedral unit cell, 
denoted by a pseudocubic <111> [39, 40].  The ferroelectric state is realized by a 
large displacement of the Bi ions relative to the FeO6 octahedra.  
 
Figure 1.1 (a) Schematic of the crystal structure of BFO and the ferroelectric 
polarization (arrow) and antiferromagnetic plane (shaded planes). (b) Ferroelectric 
polarization loops measured on epitaxial BFO films with different crystallographic 
orientations [61]. 
 
 This arrangement results in two important considerations. First, the 
ferroelectric polarization is along the pseudocubic <111> directions, which leads to 
the formation of eight polarization variants; out of eight, four are the structural variant 
[40-43]. Second, the antiferromagnetic ordering in BFO is G-type, in which the Fe 
magnetic moment is aligned ferromagnetically within (111) plane and 
antiferromagnetically between the adjacent (111) plane. In addition, bulk BFO is 
known to exhibit a spin cycloid structure [36]. The preferred orientation of the 
antiferromagnetically aligned spins is (111) plane, which is perpendicular to the 
ferroelectric polarization direction with six equivalent easy axes within that plane 






  With the growth of epitaxial thin films of BFO, however, it is clear that BFO 
has a large ferroelectric polarization. Nevertheless at the same time, the problem of 
high leakage currents and difficulty in making electrical contacts are remained to be 
solved. Recently, BFO film grown on DyScO3 (DSO) substrate has shown the 
ferroelectric behavior with sharp ferroelectric loops even at low frequencies and low 
leakage levels [44]. Figure 1.1a shows the spontaneous polarization in BFO films on 
the substrates with various orientations, which is indeed along [111] with a magnitude 
of 90-95 µC/cm2, consistent with theoretical calculations.  
1.2.2 Ferroelectric and antiferromagnetic domain imaging in BFO thin films 
 Piezoelectric force microscopy (PFM) is a new technique which can determine 
the ferroelectric domain structure of thin films at nanoscale [41, 45, 46]. In PFM 
measurement, a conductive tip with an ac signal induces an alternating electrical field 
between the tip and the bottom electrode. Local converse piezoelectric vibrations 
induced by the ac field, produce the displacement of the film. Using a lock-in 
technique, it enables the detection and recording of the sign and phase of the 
piezoelectric vibration, which can be used with crystallographic information to 
determine the polarization direction in the films. Domains with up- and down-
polarizations cause opposite contrast in out-of-plane (OP)-PFM images. The 
difference in the in-plane components of the polarization produces a torque on the 
PFM cantilever, which creates contrast in the in-plane (IP)-PFM images. However, 
domains with polarization vectors along the cantilever’s long axis do not cause any 
IP-PFM contrast. On the contrary, domains with polarization pointing to the right with 
respect to the cantilever’s long axis produce an opposite tone to the domains with the 






produced by these domains. Therefore, by combining the OP-PFM and IP-PFM 
images, one can identify the polarization direction of each domain.  
 Figure 1.2a shows an IP-PFM image of a BFO film grown on a (001) SrTiO3 
(STO) substrate. The three contrasts level observed in the IP-PFM images acquired 
along the two orthogonal <110> directions, together with the uniform OP-PFM 
contrast (not shown), show that the domain structure of the BFO films is characterized 
by four polarization variants (Figure 1.2b).  
 
Fig. 1.2 In-plane PFM images of BFO ferroelectric domain structures on (a) (001), (c) 
(110), and (e) (111) STO substrates. Schematics of BFO polarization directions and 
corresponding IP-PFM contrast for (b) BFO (001), (d) (110), and (f) (111) [61]. 
 
 Figure 1.2c shows the ferroelectric domain structure of the BFO film grown 
on STO (110) substrate (imaged with the cantilever along [110]). The film exhibits 
two ferroelectric variants with net polarization pointing ‘down’ over large areas 
(Figure 1.2d). On the other hand, BFO film grown on STO (111) substrate exhibits 
contrast in the OP-PFM image (not shown) but no contrast in the IP-PFM image 






substrate is perpendicular to the substrate (Figure 1.2f). Furthermore, the electrical 
control of the multiferroic behavior in BFO films relies on the controlling the 
ferroelectric switching. Therefore, to switch the domains in the films locally, a dc bias 
is applied to a conducting AFM tip while scanning over the desired area. By 
analyzing the OP and IP contrast changes induced by the electrical poling, all three 
possible switching (71°, 109°, and 180°) has been observed (Figure 1.3) [45, 46].  
 
Fig. 1.3 OP- and IP-PFM images of (001) BFO/SRO/STO films (Figure 1.2a) after 
switching with schematics showing the three possible switching mechanisms [61]. 
 
 The red loops on the IP phase image show the ferroelastic (71° and 109°) 
switching events, while the remainder of the domains is ferroelectric in nature [61]. In 
ferroelectric domains with white contrast in the OP- and IP-PFM images, the 180° 
switching events are observed as a reversal contrast in both OP- and IP-PFM image 
(changes to black in both cases). For 71° switching events, only a change in contrast 
in the OP image is observed (black contrast in OP and white contrast in IP). For 109° 
switching events, one can observe the reverse change in an OP-PFM image (black 






 The antiferromagnetic domain structure of BFO can be studied using 
photoemission electron microscopy (PEEM) based on X-ray magnetic linear 
dichroism (XMLD) [47-49]. Linear dichroism can arise from any anisotropy in charge 
distribution in a material. In non-ferroelectric antiferromagnets, asymmetry of the 
electronic charge distribution arising from magnetic order, causes a difference in the 
optical absorption between the orthogonal linear polarizations of light [48-51]. This is 
manifested as a dichroism in the X-ray absorption, which can be used to distinguish 
different orientations of antiferromagnetic domains. Non-magnetic ferroelectrics 
should also show linear dichroism because of their polar nature causes an asymmetric 
distribution of the electronic charge. Therefore, in BFO, both antiferromagnetic and 
ferroelectric order should contribute to the dichroism. These two contributions can be 
separated by the temperature dependence of the XMLD or angle and polarization-
dependant measurements. It was found that antiferromagnetic and ferroelectric 
domains are intimately related and match up spatially [48-51]. The combination of 
PFM and PEEM, as well as the lateral measurement, is useful for the study of 
multiferroics.   
1.3 Zinc Oxide as a multifunctional material  
 Zinc oxide (ZnO) is a well-known n-type semiconductor with a wide band gap 
(Eg=3. 4 eV) and a large exciton binding energy (60 meV) compared to other 
competitive materials (25 meV for GaN) [52]. Due to these properties, ZnO is an 
emerging material for the number of applications such as UV light emitters, varisters, 
transparent high power electronics, surface acoustic wave devices, piezoelectric 
transducers and chemical and gas sensing [53-55]. ZnO normally forms in the 
hexagonal (wurtzite) crystal structure with lattice parameters of a = 3.25Å and c = 






electrons of Zn hybridize with p electrons of O. Electron doping in nominally 
undoped ZnO has been attributed to Zn interstitials, oxygen vacancies or hydrogen. In 
particular, even at room temperature high-quality ZnO can be grown on various 
substrates, with excellent chemical and thermal stabilities. These characteristics make 
ZnO an interesting and economical candidate for multifunctional applications, as it 
has superior piezoelectric, optical, electrical, chemical, and magnetic properties.   
 In ZnO based materials, room temperature piezoelectricity and 
ferromagnetism have been independently found, however, the coexistence of the two 
intrinsic properties in an identical sample has rarely been observed. Lin et al [56] 
studied the codoping of Li and Co to ZnO films and observed ferroelectricity and 
ferromagnetism simultaneously at room temperature, which is the only report on this 
issue. It has been reviewed that RT ferromagnetism exists in ZnO:M systems 
involving M as all the 3d transition metals [54]. At the same time, M = Li, Mg, V, and 
Cr have been experimentally verified as competent dopants to make ZnO:M 
ferroelectric [57-60]. Apparently, there is an overlapping between them, namely, 
ZnO:V and ZnO:Cr. Therefore, one may expect to observe multifunctional behavior 
in these two systems.  
 
1.4 Research Objective and Significance 
The above discussion shows that BFO and ZnO both are very well studied and 
reported in the literature for its ferroelectric and piezoelectric properties. There are 
several characterization techniques which were used to understand the different 
properties of BFO and ZnO in thin film structures. However, in ferroelectric materials 
(like BFO) a range of point and extended structural defects exists that can influence 






sites for domain wall pinning and (c) controlling the domain nucleation. To 
understand the atomistic mechanisms of polarization switching, it requires a study at a 
single defect level. Few thermodynamic models have been already demonstrated that 
misfit and threading of dislocations locally destabilize the ferroelectric phase [62, 63], 
by producing a ~10 nm nonswitchable layer, and thus reduced dielectric properties in 
ferroelectric films. 
Scanning probe microscopy (SPM) provides a natural framework for probing 
local phase transitions and correlating them with microstructure. The external 
stimulus (either local or global) applied to the systems induces a phase 
transformation, while the SPM probe detects the associated change in local properties. 
Piezoresponse force microscopy (PFM) and Kelvin probe force microscopy (KPFM) 
are the two biased SPM techniques. In PFM, the probe concentrates an electric field in 
a nanoscale volume of material (10 to 50 nm) and induces a local domain nucleation 
and growth. Simultaneously, the probe can detect the onset of nucleation and the size 
of developing domain via detection of the electrochemical response of the material to 
a small oscillatory bias.  
 Therefore, in this research work our main objective is to explore the biased 
(PFM & KPFM) SPM techniques by understanding the local ferroelectric and 
piezoelectric response of the different thin film materials. Two different materials are 
selected to study the thin film structure, the first one is well-studied BiFeO3, which is 
a most studied multiferroic material and the other one is ZnO, which is a strong 
piezoelectric material together with many other optical, semiconductor properties. 
Our primary objective in this research is to understand the proper use of PFM and 
KPFM techniques by testing undoped and doped BFO thin film materials, as 






understanding of the two biased SPM techniques our next step aim is to study the 
undoped and doped ZnO thin films by using PFM and KPFM. As ZnO is not very 
well reported for its PFM response in the literature therefore, this study will provide 
some more useful information regarding ZnO.  
1.5 Thesis Outline 
This PhD thesis is mainly focused on the applications of biased Scanning 
Probe Microscopy techniques to characterize the ferroelectric and piezoelectric 
properties of BFO and ZnO thin films. This thesis consists 10 chapters in all. Chapter 
1 is an introduction to the materials used in this research work. Chapter 2 and Chapter 
3 consists the literature review to understand the working principle of the two SPM 
techniques used in this work, PFM and KPFM. Chapter 4 includes the details of the 
experimental procedure used in the PFM and KPFM techniques to test various 
properties and the description of sample materials. Chapter 5 describes the combined 
effect of mechanical stress and magnetic field on the local ferroelectric properties of 
undoped BFO thin film. Chapter 6 reports the effect of Mg doping on the properties of 
La doped BFO and discuss the experimental observations made by local PFM 
response. Chapter 7 contains the local PFM response of copper doped ZnO together 
with the effect of dc bias on its ferroelectric-like nature. Chapter 8 includes the KPFM 
based study did on copper and cobalt, codoped ZnO thin films for its bipolar charge 
stability. Chapter 9 discusses the local PFM response and dc bias application studied 
on the undoped ZnO thin films. Chapter 10 summarizes the results and gives the 
general conclusion of this research work and some future recommendations.  
 Together with this SPM based work some efforts are also made to 
develop a new analytical method for the measurement of mechanical properties of 






have been published in international journals [64, 65].  This work is not along the 
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Chapter 2: Literature Review – Piezoresponse Force Microscopy 
 
 This chapter summarizes the principles, theoretical background and recent 
developments of Piezoresponse Force Microscopy (PFM) in detail. PFM is a local 
probe-based technique for nondestructive high resolution ferroelectric domain 
imaging. This technique has been approved to be a very powerful tool to characterize 
piezoelectric and ferroelectric materials including thin films, single crystal and 
polycrystalline bulk materials. Therefore, in this chapter, we are going to review the 
recent advances in the PFM studies of the mechanisms of domain imaging, domain 
switching and time-dependant degradation effects on the ferroelectric materials.  
2.1 Working Principle of Piezoresponse Force Microscopy  
2.1.1 Experimental Setup 
 Figure 2.1 illustrates the standard experimental setup of PFM, which is usually 
equipped with a four-quadrant photo detector, a conductive probing tip, a function 
generator, and two lock-in amplifiers. A ferroelectric sample is placed between the 
bottom electrode and the conductive PFM tip, and the tip acts as a movable top 
electrode.  The conductive tip is either silicon tip coated with conducting metal 
coatings (Pt, Au, and Ti) or highly doped silicon tip. Experiments are performed in 
contact mode, and information is collected from the out-of-plane component of the 
electromechanical surface response, which is called the vertical PFM (VPFM), as well 
as the in-plane component via the frictional force which is termed lateral PFM 
(LPFM) [1]. An ac electric bias is applied to the probing tip to cause the sample 
surface oscillation due to the converse piezoelectric effect (as ac bias has +ve and –ve 






in the electronic feedback system which facilitates accurate tracking of the surface 
motion and simultaneous records the surface topography. 
 
Figure 2.1 PFM experimental setup for acquisition of topography and vertical & 
lateral polarization components. A function generator is used to apply an ac voltage 
Vω between the tip and the bottom electrode. The voltage-induced cantilever 
deflection is detected by a reflected laser beam on a four quadrant photodiode [41].  
 
 In order to separate the PFM signal from the topographical information or 
attenuation of the out-of-plane piezoelectric response signal, the feedback loop has to 
operate at a frequency lower than the frequency ω of the applied voltage Vω. A low 
pass filter is used before the feedback signal to avoid the cross-talk between the 
piezoelectric deformation and topographic image, and at the same time, the high 
operating frequency ensures sufficient sampling at each image point. 
 Normally, there are two approaches used in PFM for exciting the piezoelectric 
vibration of the sample. First is the local excitation approach, in which an ac voltage 
is applied between the bottom electrode and a conductive tip, this generates the local 






electrode (Figure 2.2a). By this approach, it is possible to establish a correlation 
between domain configurations and film microstructure. 
 
Figure 2.2 Local (a) and integral (b) methods of excitation in PFM [41]. 
 
 This method is very useful in controlling nanoscale domains via highly 
localized polarization reversal, direct investigation of domain wall interaction with 
defects and grain boundaries and the investigation of the electrical and mechanical 
coupling between the adjacent grains. This approach also produces high resolution 
images of domain structure, topography and deformation by an electrical field, which 
are very important for the investigation of the microscopic mechanisms of the domain 
wall motion. It is noticed that in this approach the electric field generated by the PFM 
tip is highly inhomogeneous, and this creates certain difficulties in quantitative 
analysis of the field-induced signal. All the signals are collected only from a surface 
layer with an unknown thickness, and it is a function of dielectric permittivity and 
contact conditions. This has been verified by comparing the domain width in PFM 
image with the cross-sectional TEM image results and found that the domain width 
observed in the PFM measurement complies with the domain width near the surface 
[2]. This has further verified that the PFM measurement is not integrating over the 
whole film thickness but only up to several nanometers below the surface.  
 In the second approach which is called the global excitation approach, an 






contact area. This makes a capacitor like structures in the testing material; therefore, 
the piezoelectric vibration is generated in much larger size underneath the deposited 
top electrode in the film (Figure 2.2b). The modulation voltage can be applied directly 
through the conductive SPM tip to the micrometer size electrode or by external source 
using wire for larger size electrode. In such a configuration, a homogeneous electric 
field is applied throughout the ferroelectric film, which allows quantitative treatment 
of domain wall dynamics and investigation of the mechanisms of polarization reversal 
in the capacitor structure of the ferroelectric materials. Due to the reduced time 
constant, fast pulse switching and transient current measurements can be 
accomplished in the capacitor structures at submicron size, thus making PFM 
technique suitable for study the ferroelectric memory devices.  
2.2 Theory of PFM 
 PFM technique was developed more than ten years ago, but the quantitative 
analysis of the PFM measurements is still under development [3–7]. There are many 
major issues involved in the mechanisms of PFM contrast formation, including:  (i) 
the voltage dependant contact mechanics which determines the PFM signal for a 
piezoelectric material; (ii) dynamic properties of the cantilever; (iii) transduction 
mechanism between the electromechanical response of the surface; (iv) electrostatic 
forces and their effects on vertical and lateral PFM signal; (v) electroelastic field 
distribution in the material that determines resolution and (vi) domain switching 
behavior and hysteresis loop acquisition mechanism. It has also been reported that the 
piezoelectric signal of ferroelectric triglycine sulfate does not diverge at the phase 
transition but gradually decreases, showing the same trend as the spontaneous 
polarization [8]. This has concluded that the signal was dominated by the capacitive 






measured on non-ferroelectric surfaces further supported the influence of the 
capacitive force [9]. On the other hand, many factors are contributing to the PFM 
contrast. Some of those are; ability to detect the in-plane piezoelectric signal, the 
absence of PFM signal attenuation due to charge screening and the possibility of 
domain imaging in ferroelectric capacitors through the top electrode. 
  The effects of the electromechanical response and the long-range capacitive 
forces to the total response of a cantilever in a contact with ferroelectric can be 
defined as: A = Apiezo + Acap + Anl, where Apiezo represents the electromechanical 
response of the surface due to the converse piezoelectric effect; Acap is the 
contribution due to the electrostatic force between tip and sample; and Anl is the 
contribution due to non-local electrostatic force between the cantilever and the 
sample. When the domain size is much smaller than the cantilever length, the non-
local interaction only results in a constant background (offset) that can be easily 
subtracted from the PFM data. To get the reliable piezoelectric response, it is 
necessary to maximize the electromechanical contribution and to minimize the effect 
of electrostatic force. Surface contamination or oxidation of the silicon tip may also 
affect the electromechanical signal due to a dielectric gap between PFM tip and the 
ferroelectric surface [10]. To avoid this problem, it is necessary to clean the surface of 
the specimens by thermal treatment and by using a metal coated tip instead of the 
doped silicon tip [11].  
 The efficiency of the PFM imaging also depends on the tip-sample contact 
force. To obtain good results, it is suggested to use stiff cantilevers (spring constant k 
> 1 N/m) which apply a high contact force (approximately 10 to 1,000 nN depending 
on the tip radius and the thickness of the dielectric gap) [12]. At the high contact 






effect coupled with higher-order ferroic switching [13], or stress-induced suppression 
of piezoelectricity [14, 15] related to the phase transition under the high mechanical 
stress exerted by the tip [16]. These effects may turn the PFM analysis more complex. 
The next section will discuss more detail of the various forces due to the applied 
voltage. 
2.2.1 Capacitive forces 
 If a conductive tip is in contact with dielectric surface, it forms a capacitor.  
When an external voltage is applied between the tip and the bottom electrode, it 
results in an additional (capacitive) force, given by: 







= =                                         (2.1) 
where Wcap = (V 2C)/2 is the energy stored in the capacitor C, and z is the vertical 
distance. If the voltage applied is a combination of the dc and ac voltages (V = Vdc + 
Vωcosωt), then the capacitive forces will consist of a static force F0, a force oscillating 
at a driving frequency ω (Fω = VdcVωdC/dz) and a force F2ω which appears at a 
frequency 2ω. These forces are comparable with other forces, such as 
electromechanical force and always exist in contact mode [5]. The total capacitance C 
of the sample-cantilever system can be written as the sum of the capacitance of the 
cantilever (Ccant) and the capacitance of the tip (Ctip). The Ccant gives rise to nonlocal 
contribution to the capacitive force because of the macroscopic dimensions of the 
cantilever. Prume et al. [17] estimated the capacitance of the cantilever using the 
analytical expression as: 
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where dc and Lc  are the width and the length of the cantilever, hc and α are the gap 
and the angle between the cantilever and the sample surface, respectively. Equation 
(2.2) describes the non-local electrostatic force contribution Fnl of the cantilever to the 
PFM signal and can result in a signal offset at the frequency ω (as the PFM signal 
measured at ω). For a standard cantilever tip, the estimated value of the dc force for 
nonlocal capacitive contributions using Eq. (2.2) is quite small (0.1 nN) and can be 
neglected in many practical cases. 
 Hong et al. [18] observed that in addition to the capacitive forces, Coulomb 
attractive forces between the tip and the charged ferroelectric surface can also be 
involved in the PFM experiments. It can be given by: 





=                                                    
(2.3) 
where σ is the surface-bound charge density and V is the voltage applied to the 
sample. Surface polarization charges may give rise to the electrostatic interaction and 
they are screened by the absorbed charges of the opposite sign and thus are normally 
smaller than the electromechanical forces in many practical applications. For 
example, with the polarization charge of 1 μC/cm2, and the tip radius ≈40 nm, as well 
as the bias voltage of V ≈ 1 V, the estimated force is in the range of few nN. So the 
major attractive forces between the tip and the sample surface are attractive forces due 
to van der Waals interaction. Rabe et al. [19] calculated these values for different 
types of cantilevers in contact with dielectric and metallic surfaces and reported that 
the values are in the range of 50–500 nN. Thus, the dominant forces in the PFM 
measurements are both adhesive forces and strong short-range repulsive forces Frep. 






caused by the converse piezoelectric effect whereas the Coulomb interaction playing 
only a minor role. 
2.2.2 Electromechanical Forces 
 A piezoelectric material shows an additional response to an applied ac electric 
field other than capacitive force due to the converse piezoelectric and electrostrictive 
effects. For a homogeneously polarized (in the z- direction) and stress-free 
ferroelectric material, the vertical displacement (Z) can be given by: 
                                              
2333
33
Mz d V V
t
∆ = +                                             (2.4) 
where V is the applied voltage, t is the sample thickness, and d33 and M333 are the 
piezoelectric and electrostrictive constants, respectively. In a polarized state, the 
electrostrictive term in Eq. (2.4) is typically much smaller than the piezoelectric one 
[20]. With the external voltage of ( )dcV V V Cos tω ω= + , the surface displacement will 
consist of a component under the applied dc field,  and the signals at first and second 
harmonics as: 
                                
333
33 2 dc
Mz d V V V
tω ω
∆ = +                                       (2.5) 







∆ =                                                
(2.6) 
The relative orientation of the polarization and applied electric field decide the sign of 
the converse piezoelectric signal (the first term in Eq. (2.5)). When the polarization is 
pointing at the negative z - direction (electric field is parallel to the spontaneous 
polarization) and a positive voltage is applied to the PFM tip, the sample will expand, 






The displacement ∆z is assigned positive here. As we apply an alternating voltage, 
this means that the electric field and the piezoelectric signal are in phase. These 
measurements are referred to the out-of-plane (or vertical PFM) measurements. If the 
polarization points in the positive z-direction, the applied electric field will be 
antiparallel to the spontaneous polarization, and thus cause the ferroelectric surface to 
contract with the consequent lowering of the cantilever (Figure 2.3b). Here, the 
electric field and the piezoresponse signal are shifted in phase by 180◦. In addition, 
ferroelectric grain may contract in the film plane, which is caused by the transverse 
piezoelectric coefficient d31. 
 On the other hand, the electrostrictive effect does not depend on the 
polarization direction; it can only cause a constant background but does not influence 
the detection of the polarization orientation. In addition, the electrostrictive term is 
much smaller than the piezoelectric one and vanishes when there is no dc field applied 
to the sample. Therefore, VPFM can measure the polarization direction of the 
individual domain or grain at the very high resolution (in nanometer scale). Similarly, 
the polarization direction for the in-plane polarized ferroelectric grain can be 
measured by a shear piezoelectric coefficient (Figures 2.3c and 2.3d). The applied 
electric field causes a shear deformation of the grain, which later produces torsional 
movement of the cantilever due to the friction forces. These measurements are 
denoted as in-plane (or lateral PFM) measurements.  
 Figure 2.3e shows a grain with the polarization aligned in the x-z-plane. In this 
condition, the applied field will create both vertical as well as torsional movement of 
the cantilever. A strong in-plane and a weak out-of-plane signal will show that the 
polarization has only a small component of the polarization pointing into the z-








Figure 2.3 Piezoelectric effects in ferroelectric perovskite investigated by PFM. (a) 
Electric field aligned parallel to the spontaneous polarization leads to a lifting of the 
cantilever due to the d33 effect (out-of-plane signal). It causes additional lateral 
contraction of the ferroelectric via the d31 piezoelectric coefficient. (b) The 
antiparallel alignment of the electric field and the spontaneous polarization leads to a 
vertical contraction and a horizontal expansion of the ferroelectric. (c, d) Electric field 
applied orthogonal to the polarization results in a shear movement due to the d15 
coefficient. This movement causes a torsional deformation of the cantilever forcing 
the laser spot to move horizontally (in-plane signal). (e) A grain polarized in the x-z-
plane will contribute to the in-plane as well as to the out-of-plane signal [41].  
 
 Due to the cantilever asymmetry, polarization in the y-direction Py can only be 
recorded by physically rotating the sample by 90◦ around the z-axis and repeating the 






known, then it is possible to construct the precise orientation of polarization. 
Harnagea et al. [21] were first attempted to relate the amplitude of the piezoresponse 
signal to the orientation of the ferroelectric polarization and later Kalinin et al. [22] 
developed the detailed formalism for the same. 
2.3 Domain Switching at Nanoscale 
 PFM has a benefit of direct studies of the domain structure evolution under an 
external electric field over other techniques. In addition, a conductive tip can be used 
for modification of the initial domain structure together with domain visualization. A 
small dc voltage applied between the tip and bottom electrode produces an electric 
field with a strength of several hundred kilovolts per centimeter, which is high enough 
than the coercive voltage of most ferroelectric materials. Thus, it can induce a local 
polarization switch in a very small area (in the nanometer to micron scale). An 
application of the positive or negative dc bias to the tip can induce 180o polarization 
switching, i.e., re-orienting the polarization upward or downward. The rotated 
domains can also be imaged using the same PFM tip; therefore, PFM provides 
capabilities of both “storage” and “read-out” information. It has been revealed that the 
ferroelectric recording potentially allows high data storage density [23-25] as the 
width of domain walls in ferroelectrics is typically very small, of the order of 1–3 unit 
cells, this storage density is much higher than that of the magnetic recording. So these 
considerations have resulted in significant interest in ferroelectric data storage from 
major industrial corporations, and make the PFM an important tool to study these 
properties in depth. 
2.3.1 Thermodynamics of Domain Switching 
 The study of the thermodynamics and kinetics of the switching process is 






lithography. Abplanalp [7] gave the first analysis for the thermodynamics of domain 
switching and the essential features of the process including finite nucleation bias in 
PFM capturing. Molotskii et al. [26, 27] proposed a closed-form solution for domain 
switching in the point charge approximation. Kalinin et al. [28] modified the 
thermodynamics of domain switching, using rigorously derived electroelastic fields. 
In all the models, it was found that the spatial extent of the field produced by the tip is 
finite; therefore, the switching will be limited to a small volume of material at the 
surface.  
 
Figure 2.4 (a) Domain geometry during tip-induced switching. (b) Free energy as a 
function of the lateral domain size. Dashed line, in a uniform electric field; solid line, 
in a tip-induced electric field [41]. 
 
 For the models based on the point-charge which located on or below the 
ferroelectric surface, the field in the vicinity of the tip is infinite and domain 
nucleation is induced at an arbitrarily small bias [29, 29]. The finite nucleation bias 
may be predicted (Figure 2.4) based on the models having finite tip-surface separation 
or based on realistic field geometries [27, 28, 30-32]. The detail of the 
thermodynamics of domain switching is discussed below. The change in the bulk free 
energy density acts as a driving force for the 180o polarization switching in 






                                          bulk i i i ig PE d E Xµ µ∆ = −∆ − ∆                                     (2.7) 
where Pi , Ei , Xμ, and diμ, are the components of the polarization, electric field, stress 
and piezoelectric constants tensor, respectively (i = 1, 2, 3, and μ = 1, . . . , 6). The 
first and second terms in Eq. (2.7) describe ferroelectric and ferroelectroelastic 
switching, respectively.  
 As for the LiNbO3 and lead zirconate-titanate (PZT), the signs for the free 
energy terms are opposite and the polarities of the domains formed by ferroelectric 
and ferroelectroelastic switching are also opposite; therefore it provides an approach 
to distinguish these switching mechanisms. The free energy of the nucleating domain 
is given by the following relation:  
                                       bulk wall depG G G G∆ = ∆ + ∆ + ∆                                    (2.8) 
where the first term is the change of the bulk free energy, bulk bulkG g dV∆ = ∆∫ , the 
second term is the domain wall energy, and the third term is the depolarization field 
energy. In the Landauer switching model, the domain shape is approximated as a half-
ellipsoid with the small and large axes equal to rd and ld, (Figure 2.4a). The domain 
wall contribution to the free energy in this geometry is wall d dG br l∆ = , where 
2 / 2wallb σ π= and σwall is the direction-independent domain wall energy. The 
depolarization energy contribution is 4 /dep d dG cr l∆ = , and  
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                                         (2.9) 
has only a weak dependence on the domain geometry [33]. In the uniform field case, 
the free energy surface (as a function of ld and rd) has a character of saddle point and 






barrier for nucleation Ea is reached [34]. The critical domain size and activation 
energy for nucleation can be obtained by minimization of c (Eq. (2.9)) as rc = 0.83b/a, 
lc = 1.86bc1/2a−3/2, and Ea = 0.518b3c1/2a−5/2, where a = 4π PsE/3. For a typical 
ferroelectric material such as BaTiO3 (σ = 7 mJ/m2, Ps = 0.26 C/m2, ε11 = 2000, ε33 = 
120 [35]) in a uniform field of E = 105 V/m, the corresponding values are Ea = 
2.4x105 eV, lc = 16.4 μm, and rc = 0.264 μm. Thus, for relatively weak fields (or low 
experimental coercive fields), homogeneous domain nucleation is impossible, this is 
the reason why in typical ferroelectric materials domain nucleation occurs on the 
surface or at interface defects.  
 The opposite is also true for the tip-induced switching, a tip with a small 
radius of curvature results in a large (106–109 V/m) electric field localized at the tip 
apex. The corresponding domain free energy can be determined from the 
electroelastic field distribution generated by the PFM tip as: 
                     
( )
0 0




G g r dV dz g r z rdrπ∆ = ∆ = ∆∫ ∫ ∫

                   (2.10) 
where 2 2( ) 1 /dr z r z l d= − . The analysis of the switching process can be greatly 
simplified by the point charge model [26, 27], only applicable if domain sizes 
, ,d dl r R a>> , where R is the tip radius and ‘a’ is the contact radius provided that the 
singularity at the origin is weak enough to ensure convergence of the integral in Eq. 
(2.10). For ferroelectric switching induced by a point charge qs located on the surface, 
the integral in Eq. (2.10) can be taken analytically and / ( )bulk d d d dG dr l l rγ∆ = + , 
where 0 11 332 / ( )s sd P q ε ε ε= +  and 33 11/γ ε ε= . Here, domain size and energy are 
found to be re = 0.342d 2/3(bc) −1/3, le = 0.2d/b, and Em = −0.205d 5/3(bc) −1/3 [26, 27]. 






infinite field at the origin. This analysis predicts that the domain shape in the 
switching process follows the invariant relation of 3 2/ /e er l b c= . 
 The applicability of the point-charge approximation to the thermodynamics of 
domain switching on larger length scales is limited by the contribution of the 
electrostatic fields associated with the conical part of the tip. These electrostatic fields 
decay much slower than that produced by the point charge. If the smaller length scales 
are comparable to the tip radius, the thermodynamics of the switching process 
requires an exact electroelastic field structure to be taken into account.  
2.3.2 Domain relaxation 
 PFM technique is also capable to investigate the domain relaxation along with 
the study of the mechanisms of the domain nucleation and growth. The stability of the 
polarization state is an important issue for the ferroelectric memories written by 
conductive tip, since it directly controls the retention time of the stored bits and also 
important for the understanding of aging phenomena in the ferroelectric materials. 
The main advantage of PFM technique over the other macroscopic measurements of 
depolarization is that the PFM can measure the localized effect rather than averaging 
over many back switching events. On the other hand, it has a disadvantage of the time 
resolution of PFM measurements, which is significantly smaller than the macroscopic 
measurements and prevents the study of the initial stages of polarization loss.  
 Recently, several studies have been performed on the relaxation phenomena 
by using PFM technique. Some reports observed a log-linear time dependence of the 
polarization relaxation in PZT films [36], while the other observed stretched 
exponential time dependence [38] in the same material. Different polarization 






process was modified by spontaneous nucleation of 180◦ domain walls on the existing 
twin boundaries [38]. Figure 2.5 illustrates the polarization loss in PZT films studied 
by PFM technique [39]. A voltage pulse of 6 V was applied for 0.2 second in the 
center of the middle grain and the dynamics of the domain relaxation was observed 
during subsequent scanning. It was observed that the domain relaxation proceeds, 
mainly through the sidewise motion of the domain walls. It was also observed that the 
domain walls measured in dynamics appeared much thicker than that in the static 
conditions. This is due to the slow scan rate which caused by the intrinsic 
disadvantage of PFM. From a quantitative analysis of the domain images, it was 
found that the domain wall motion slowed down by the time, causing the logarithmic 
dependence of the fraction of reversed domains: P(t) = P0 − m log(t/to). , where P 
represents polarization and m is an arbitrary fitting constant. 
 
Figure 2.5 Retention loss in PZT(20/80) film on LSCO/TiN/Si measured after poling 
with 6 V applied for 0.2 s. (a) Topographic image with cross indicating poling point, 
(b) as-grown domain structure, (c) domains immediately after poling, and (d–f) 
evolution of domain structure after 4, 90, and 140 min after poling [41].  
 
 Generally-speaking, the log time dependence suggests a broad distribution of 






domain also becomes irregular due to the spatial variation of domain wall velocity. In 
another experiment [40], it was found that polarization retention was highly 
asymmetric, i.e., the positive voltage pulses gave much better stability of domain 
structure than that of the negative ones. This asymmetric retention (called an imprint) 
was also found in macroscopic measurements. Sometimes, if the film was grown on a 
different substrate, then it was found that there was no polarization retention 
irrespective of voltage sign. Gruverman and Tanaka [40] developed a qualitative 
model of polarization retention for these types of materials, which shows different 
retention behaviors on different substrates. The important feature of such relaxation is 
that the back-switching mainly starts near the existing domain wall and propagates 
with a velocity that depends on the curvature of the domain wall. In the final stage of 
domain relaxation, faceting of the domain wall was observed; and this was the results 
of the slowing down of the relaxation process along certain crystallographic 
directions. Therefore, the investigation of the relaxation of domain walls by PFM 
technique opens a new horizon for the understanding of domain-wall propagation in 
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Chapter 3: Literature Review-Kelvin Probe Force Microscopy 
 
 This chapter summarizes the basic principle of the Kelvin Probe Force 
Microscopy (KPFM), which is a technique to obtain work function differences by 
measuring the electrostatic force between the tip and the sample surface (usually in 
ultrahigh vacuum condition). If the test is performed on ambient condition, this work 
function difference is called the surface potential or contact potential difference.  The 
initial portion of this chapter comprises the working principle and experimental setup 
of the KPFM and rest portion discusses the two modes of detection, amplitude and 
frequency.  
 Due to the direct and quantitative measurement of the surface potential 
distribution, the KPFM technique has been applied in numbers of applications in 
different fields since its introduction in 1991 [1]. Some of the main applications of 
KPFM are in work function mapping, domain characterization of ferroelectric 
materials, local surface photo-voltage and surface photo-voltage spectroscopy, 
ordering measurements in semiconductors, surface states and defects under different 
ambient conditions, and the measurement of organics and self-assembled mono-
layers [1-6]. KPFM is also considered a powerful technique for potential mapping of 
the passive and active semiconductor devices such as p-n junctions, resistors and n-i-
p-i heterostructures, organic and polymer-based transistors, solar cells, high-electron-
mobility transistors (HEMT) and light-emitting diodes [7-15]. The atomic scale 
features of KPFM have already been reported, but the origins of those observations 
are not properly understood, which mainly arise due to the effects of long-range 
electrostatic forces [16, 17]. Recently, a high-resolution measurement of low-






quantum well structures [18, 19]. As the local potential measurement is related to 
quantitative two-dimensional dopant mapping, the KPFM is found suitable for 
profiling the two-dimensional dopant distributions [20]. The resolution scale of 
KPFM measurement has a higher sensitivity of few millivolts compared to commonly 
used scanning capacitance microscopy (SCM) [21] and scanning spreading resistance 
microscopy (SSRM) [22] techniques. However, it is still challenging to quantify the 
doping levels according to the microelectronic industries requirements. The next 
section explains the basic detection method in the KPFM technique. 
3.1 Kelvin Probe Force Microscopy 
The contact potential difference (CPD) between the two materials (tip and 
sample) can be defined by the following equation: 
                           
sample tip
CPDV qq q
φ φ φ∆= − ≡                                       (3.1) 
where tipφ and sampleφ are the work functions of the tip and the sample respectively, and 
q is the elementary charge. Therefore, when an AFM tip and a semiconductor surface 
with different work functions are held in close proximity, an electrostatic force will be 
developed between them, due to the potential difference VCPD (Figure 3.1). Before the 
two materials are connected to each other, their local vacuum levels are aligned with a 
difference in their Fermi levels. Once the electrical connection established between 
them, the Fermi levels will align through the electron current flow (Figure 3.1a); and 
due to the two materials are now charged, a difference in their local vacuum levels is 
created. The charging of the tip and sample surface develops an electrostatic force 
between them (Figure 3.1b). This force can be nullified by applying an external bias 






difference or surface potential. The sign of the contact potential difference depends on 
whether the bias is applied to the sample or to the tip. In a standard KPFM 
measurement, an ac bias at a frequency ω is applied between the tip and the sample. 
The force component at this frequency is proportional to the CPD and therefore, can 
be compensated by a feedback loop whose input is the component of the electrostatic 
force at a frequency of ω [23]. The calculation of this force is based on a simple 
approximation of the tip-sample system as a parallel plate capacitor with one plate 
being the tip apex, and the other sample underneath it [24]. 
 
Figure 3.1 Basic principle setup of contact potential difference (CPD) [37]. 
 
3.2 Detection in Kelvin Probe Force Microscopy 
 The schematic setup of an ultrahigh vacuum-atomic force microscope (UHV-
AFM) with the main electronic components for KPFM is shown in Figure 3.2. 
Generally, in a noncontact AFM setup under UHV conditions, the cantilever oscillates 






constant distance by maintaining a constant frequency shift 1f∆  to the free resonance 
frequency (frequency modulation or FM-mode).  
 
Figure 3.2 Schematic setup of an UHV-AFM with the main electronic components for 
the AM-mode and FM-mode detection in KPFM [37]. 
 
 The measured frequency variation 1f∆  is approximately proportional to the 
force gradient and is given by [23, 25, 26] 






                                                          (3.2) 
where F is the force acting on the cantilever and z the tip-sample distance. To separate 
the electrostatic force Fes from other forces (such as van der Waals and chemical 
forces), an ac voltage Vac at a frequency ω is superimposed on the tip-sample voltage 






oscillating electrostatic force, which induces an additional oscillation of the cantilever 
at ω, as mentioned earlier. This force can be found by the derivation of the 
electrostatic energy with respect to the tip sample separation distance, z: 
                 ( ) ( ) 21 /
2es dc ac
CF V q V Sin t
z
φ ω∂  = − − ∆ + ∂
                           (3.3)  
where ∂C/∂z is the gradient of the capacitance. Equation (3.3) can also be written as: 
                                 2es dcF F F Fω ω= + +                                               (3.4) 
where 
                           ( )2 21 1/
2 4dc dc ac
CF V q V
z
φ∂  = − − ∆ + ∂  
                              (3.5) 
                                     ( ) ( )/dc ac
CF V q V Sin t
zω
φ ω∂= − − ∆
∂
                              (3.6) 
                                            ( )22
1 2
4 ac




                                      (3.7) 
The term Fdc is the contribution of the topographical signal, the term Fω at the 
frequency ω is used to measure the CPD, and the term F2ω can be used for capacitance 
measurement [27]. Equation (3.6) shows strictly correct results for a metallic tip-
sample system only. Hudlet et al. [28] have given a one-dimensional analysis, in 
which the electrostatic force between a tip and a semiconductor at a frequency ω can 
be expressed as 




QF C V Sin tω ωε
=                                            (3.8) 
where Qs is the semiconductor surface charge, ε0 is the dielectric constant, and Ceff is 
the effective capacitance of the electrode-air/vacuum-semiconductor system. For a 






tip-metallic sample capacitance), then Eq. (3.8) reduces to Eq. (3.6). It must be 
emphasized that, based on Eq. (3.6), sign of VCPD will be different if the nullifying 
voltage is applied to the tip or to the sample. The posteriori dc voltage difference 
P
CPDV  is thus given for the two cases as: 
                      
tip sampleP
CPD dc CPD dcV V V Vq q
φ φ 
= − − + = − − 
                            (3.9) 
                              
tip sampleP
CPD dc CPD dcV V V Vq q
φ φ
= − − + = +
−                            (3.10) 
where Eqs. (3.9) and (3.10) are valid in the cases of voltage applied to the sample or 
to the tip respectively. Following the nullifying procedure, i.e., when PCPDV  = 0, we 
obtain Vdc = ±VCPD, where the “+” and “−” refer to the external bias applied to the 
sample or the tip respectively. 
 The compensation voltage Vdc is applied by the KPFM controller using a 
feedback loop (Figure 3.2) to nullify the force component (Fω) proportional to the 
CPD. If the feedback loop is operating in amplitude-modulation detection mode (AM- 
mode) [7, 29–31], the component of the electrostatic force at a frequency ω provided 
by the signal FN (ω) is used, and if the feedback loop is operating in the frequency-
modulation detection mode (FM-mode) [32, 33], then the variation of the force 
gradient ( )1f ω∆  (Eq. 3.2) is used. Even, both the techniques can detect the sample’s 
topography and the CPD image simultaneously.  
 The two techniques are different in terms of the sensitivity to the electrostatic 
force; in FM-mode the force gradient and in AM-mode the electrostatic force is 






different contribution of the cantilever and the tip to the signal. The next section will 
discuss more detail of this effect for both techniques. 
3.2.1 Amplitude-Modulation Detection 
In the AM detection technique, the amplitude of the cantilever oscillation at ω, 
which is induced by the electrostatic force, is measured directly by lock-in technique. 
To achieve sufficient sensitivity in this method under the ambient conditions, the 
frequencies should be of the order of 10–30 kHz [14, 15] and the ac voltage should be 
in the range of 1 V. In the UHV environment, the cantilever’s Q value can increase by 
at least a factor of 10 [34]. 
 
Figure 3.3 Typical resonance spectra of a silicon cantilever with the first f1 and the 
second f2 resonance. The quality factor is in the range of Q = 10,000. The drawings 
visualize the type of oscillation [37]. 
 
 Figure 3.3 shows a vibration amplitude-frequency characteristic of a 
cantilever, including the second resonance frequency f2. To improve the sensitivity of 
the potential measurement, it is necessary to tune the ac-frequency ω to the second 
resonance frequency of the cantilever, this is also necessary in the sense that the 
second resonance peak facilitates the separation of the two signals. At the second 
resonance, the resonance frequency shift occurs due to the forces acting on the 






first resonance is used for the tip height control and the second resonance is used for 
the potential measurement [29]. 
 This method has some limitation due to the bandwidth of the photodiode used 
for the detection of the cantilever oscillation [35]. Generally-speaking, a normal 
condition photodiodes should have a bandwidth of around 500 kHz. For a stiffer 
cantilever, the detection mode has the first resonance frequency in the range of 70 to 
80 kHz, and the second resonance is around 400 to 470 kHz, which is within the range 
of the photodiode. Another benefit of such resonant detection is the highly achieved 
sensitivity, even if the ac voltages are as small as 100 mV [30, 31].  
 The main problem in AM-mode is the reduced lateral energy resolution due to 
an averaging effect of the tip and the cantilever in the detection of long-range 
electrostatic force. This can be improved by using stiffer cantilevers and by using a 
photodiode with a higher bandwidth. Fukuma et al. [36] discovered another method 
called heterodyne laser beam deflection method, which enabled conventional AFM 
setups to use frequencies of several MHz. Stiffer cantilevers usually allow smaller tip-
sample distances, thereby increase tip apex contributions to the signal and reduce the 
contribution of the cantilever; in addition, the tip should be as long as possible. 
Therefore, tip geometry is an important factor in the KPFM measurement.  
3.2.2 Frequency-Modulation Detection 
 In the FM detection technique, the applied ac voltage induces a modulation of 
the electrostatic force which is measured by the oscillation i.e., ω value of frequency 
variation of f1 (Figure 3.2). This is nearly proportional to the force gradient and can be 
calculated by Eqs. (3.2) and (3.6) as well as by: 
               ( ) ( ) ( )
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1 2 /dc ac
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As the lower frequency may increase the cross-talk in topological signals due to the 
tip-sample distance required to oscillate at ω, therefore, the frequency ω has to be 
chosen in an appropriate range. On the contrary, at higher frequency, the coupling 
between the topography and CPD is weak. However, the upper limit of the frequency 
range is determined by the bandwidth of the frequency demodulator. 
 
Figure 3.4 Restrictions in the FM mode: Dependence of the frequency shift 1f∆  
amplitude and the height control signal of the topography Vz at the frequency ω of the 
ac voltage. The measurements were obtained with a silicon cantilever on a HOPG 
sample [37]. 
 
 Figure 3.4 shows the relationship between the amplitude at ω of the oscillation 
of 1f∆  and the oscillation of the piezovoltage Vz, which controls the tip-sample 
distance. As the frequency increases, the cross-talk with the topography signal 
decreases, but at the same time signal intensity of the electrostatic force also decreases 
due to the restricted bandwidth of the frequency demodulator. Furthermore, to achieve 
sufficient sensitivity, the ac voltages larger than Vac = 2 V is usually necessary. 
However, the ac voltage also contributes quadratically to the topography signal (Eq. 
(3.5)). In addition, for semiconductor samples, ac voltage should be used as low as 
possible due to the possible voltage-induced band bending [31]. Furthermore, in FM-






the electrostatic interaction mainly takes place between the tip apex and the sample 
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Chapter 4: Materials and Experimental 
 
 
This chapter describes the details of the materials used in this work, as well as 
the experimental work used for testing of those materials. All the samples used in this 
study were deposited by other research groups at the Department of Mechanical 
Engineering and Department of Materials Science and Engineering at National 
University of Singapore. Therefore, this chapter only describes the materials 
composition and the characterization techniques used in this work. The section 4.1 
contains the description of the materials, and section 4.2 contains the information 
regarding the properties measured for the various materials using different techniques.  
4.1 Sample Description 
 Pulse laser deposition (PLD) and RF magnetron sputtering techniques were 
used to deposit the thin film samples for this study. The brief descriptions of 
deposition parameters are described later in the related chapters. Table 4.1 lists all the 
BFO based samples together with the film thickness. The undoped BFO film was 
deposited on LaNiO3/SiO2/Si substrate and the doped BFO films were deposited on 
Pt/TiO2/SiO2/Si substrate.  Similarly, Table 4.2 lists all the ZnO based samples. All 
the films were deposited on the Pt/Ti/SiO2/Si substrate. In additional to undoped ZnO 
films, some other samples were also deposited with different film thickness, 
deposition temperature, oxygen partial pressure and the different bottom electrode 
layer, to study the effects of these parameters on the various electromechanical 
properties of ZnO based thin film.  The discussions of the effects of these parameters 








Table 4.1 Summary of the BFO based samples 
 
Sample description Film thickness (nm) 
undoped BiFeO3 200 
Bi0.9La0.1FeO3 300 
Bi0.9La0.1FeO3 +2 at.% Mg 300 
Bi0.9La0.1FeO3 +4 at.% Mg 300 
 
Table 4.2 Summary of ZnO based Samples  
 
Sample description Film thickness (nm) 
undoped ZnO 240 
ZnO: Cu (2 at. %) 240 
ZnO: Cu (8 at. %) 240 
ZnO: Co (9 at. %) 240 
ZnO: Cu (8 at. %): Co (9 at. %) 240 
 
4.2 Sample Characterization  
 In this work, the samples were characterized using a commercial Scanning 
Probe Microscope (SPM) (MFP-3D, Asylum Research, USA), which has a vertical 
PFM as one of the main operating modes. PFM technique was used for imaging the 
ferroelectric domain, determining the piezoelectric constant and local hysteresis loop 
or domain switching behavior. Furthermore, KPFM technique was used to measure 
the surface potential change to study the charge transport phenomenon for various 
samples. DC writing was also used in contact mode; this is to apply the bias voltage 






section includes the brief description of the experimental procedures used to 
characterize the samples.  
4.2.1 Ferroelectric Domain imaging 
The Dual-Frequency Resonance Tracking (DFRT) technique in PFM mode is 
used for ferroelectric domain imaging in all the samples [1].  The benefit of DFRT-
PFM is that it reduces the crosstalk tremendously by tracking the contact resonance 
frequency using a feedback loop, and adjusts the drive frequency of the cantilever as 
close as possible to the resonance frequency.  
 
Figure 4.1 (a) Schematic diagrams of the experimental set-up and (b) principle of the 
dual-frequency excitation based resonant-amplitude tracking [1]. 
 
Figure 4.1 shows a schematic diagram of the working principle of DFRT 
technique. The potential of the conductive cantilever is the sum of two oscillating 
voltages with frequencies at, or near the same resonance. The resulting cantilever 






referenced to one of the drive signals. By measuring the amplitudes at these two 
frequencies, it is possible to measure the changes in the resonance behavior and 
furthermore, to track the resonant frequency. Specifically, driving at one frequency 
below the resonance (A1) and other above the resonance (A2) generates an error 
signals (A2-A1). The controller will use these error signals to track the resonance 
frequency changes [1]. 
 A Pt-coated silicon cantilever tip (OLYMPUS OMCL-AC240TM) is used for 
imaging the ferroelectric domain and other piezoelectric observations. This type of tip 
has low resistance (350 ohms) which is necessary for high electro-potential resolution 
in the electrical measurements. The surfaces of precious metal coatings are free from 
oxidization and are electrically stable. The tip radius is approximately 15 nm for most 
of the cantilever, which is sharp enough to reveal the sample surface precisely both in 
electrically and in topographically. Other features of the cantilever are the 70 kHz 
resonance frequency and 2 N/m spring constant. 
4.2.2 Effective Piezoelectric constant (dzz) measurement 
  The piezoelectric constant (d) is defined as the proportional factor for 
mechanical strain (S) experienced by a piezoelectric material per unit of applied 
electric field or, the polarization generated by a unit mechanical stress (T) applied to a 
piezoelectric material. As the strain induced in a piezoelectric material by an applied 
electric field, is the product of electric field and the piezoelectric constant (d), this is 
an important parameter for a piezoelectric material. In general, the d33 (the 
piezoelectric constant in the z-direction) is commonly used to define the piezoelectric 
properties of a material. However, in the PFM measurement, the value of d33 is 
difficult to measure accurately as the deformation in other directions also contributes 






will not be exactly same as the d33 value but still this will be proportional. Hence, in 
this research work, we are defining a new term, effective piezoelectric constant (dzz) 
to define d33 parameter. The measuring method of dzz is the same as the d33 value. The 
amplitude (strain) values are measured per unit change in the applied electric field and 
then the two parameters are fitted on a linear curve. The slope of this linear curve is 
the effective dzz having the same unit of pm/V. 
4.2.3 Local Hysteresis loop measurement 
 The switching spectroscopy mode in SS-PFM is used to measure the local 
hysteresis loops in thin film samples. For obtaining a hysteresis loop using the SS-
PFM technique, initially the tip location is fixed on the surface and a wave form of 
voltage ( ) ( )tip probe acV V t V cos tω= +  is applied to the tip, here acV  is the amplitude of the 
PFM driving signal. Figure 4.2a shows the nature of the probing signal ( )probeV t , 
which comprised a sequence of pulses with amplitude Vi and length 1τ  (high state) 
separated by intervals of zero bias lasting for 2τ  (low state). The overall shape of the 
voltage pulses is given by a triangular wave form having amplitude maxV  and period T, 
and N is the number of pulses applied at one single location. After a specified settling 
time, the piezoresponse phase and amplitude is collected for a time span 3τ  in either 
the high state in-field loop (Figure 4.2b) or in the low state given by the remnant loop. 
In typical operating conditions, the parameters used for obtaining reliable and 
repeatable results are ω =10 kHz to 2 MHz, 1τ = 2τ =5ms to 100 ms, δτ  =2ms to 10 
ms and 3τ  = 1τ −δτ  (in-field loop) or 3τ = 2τ −δτ  (remnant loop). The overall 
residence time at each location is approximately 2 to 5 seconds, corresponding to the 






taken at each point to verify the reproducibility of results and to reduce the noise level 
in the signal.  
 
Figure 4.2 (a) Probing wave form (b) data acquisition sequence. (c) Schematics of a 
well-saturated electromechanical hysteresis loop. Forward and reverse coercive 
voltages, V+ and V−, nucleation voltages cV
+  and cV
− , and forward and reverse 
saturation and remanent responses, 0R
+ , 0R
− , sR
+  and sR
− , are shown. Also shown is the 
initial response initR [3].  
 
 During the measurement, the beginning of the wave form (N=1) corresponds 
to the preexisting polarization state of the film ( initR ), this shows the spontaneous 
polarization direction in the PFM image. Sometimes, due to the poor tip-surface 
contact, the first hysteresis loop is observed having different shape from those in the 






loop for electromechanical measurements. The zero of ( )R V+  is defined as V+, and 
the zero of ( )R V−  is defined as V− for an ideal condition of purely electromechanical 
detection, which basically defines the positive and negative coercive biases. The 
positive and negative remnant responses are defined by the values of 
0 (0)R R
+ += and 0 (0)R R
− −= , while the value 0 0 0R R R
+ −= − corresponds to the remnant 
switchable response and s s sR R R
+ −= −  corresponds to the maximal switchable 
response. The values cV
+  and cV
−  gives the forward and reverse domain nucleation 
voltages, which are corresponding to the crossover between constant and rapidly 
changing regions of the loop. The detail of the thermodynamics and kinetics of the 
switching process has already been discussed in the literature [2]. 
4.2.4 Surface potential measurement 
 For the surface potential measurement of the sample, KPFM mode is used. 
The KPFM technique is a well-established technique to measure the surface potential 
between the two surfaces brought in close proximity [4-6]. This measured surface 
potential is representing the contact potential difference (CPD) between the 
conductive tip and the film surface or, in other words, representing the work function 
difference between the tip and surface. For KPFM, the same Pt-coated cantilever tip 
(Electric-Lever, Olympus, Japan) with a spring constant of 2 N/m and a resonant 
frequency of 70 kHz is used. All the KPFM measurements were performed at 3 V ac 
voltage and a lift height of 40 nm at ambient condition.  
 Different scan area sizes are used for different samples ranging from 2x2 μm2 
to 10x10 μm2 with the scan frequency of 1 Hz and scan time of 256 seconds 
respectively. The bottom electrode is grounded in most of the measurement, and the 






samples. To study the surface potential changes under the bias voltage, a dc bias is 
applied through the cantilever tip on the surface (in most of the case on 5 × 5 μm2 
scan area) by making the bottom electrode ground. Different bias voltages are 
selected ranging from -10 V to +10 V according to the different samples requirement. 
 In addition, as the surface potential values are affected by the charges during 
tip-surface interaction and absorption layer in the ambient conditions, it will not be 
reproducible quantitatively after the bias application [4]. Hence for better comparison 
of the results across the different samples, the surface potential values of the unbiased 
region are reset to 0 V in all the cases. Furthermore, the stability of surface potential 
charge was studied by discharging the surface and scanning the biased area with the 
grounded tip in some samples. Some samples are then hold for a certain period of 
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Chapter 5: Electric, Magnetic and Mechanical coupling effects on BFO thin film 
 
This chapter is based on the PFM and KPFM study made on the undoped BFO 
polycrystalline thin film deposited by pulse laser deposition techniques. In this 
chapter the combined effects of mechanical stress and magnetic fields are being 
discussed with the local ferroelectricity and surface potential of BFO thin films. 
Many reports have been published on the ferroelectric and antiferromagnetic orders 
exist in the BFO thin films. However, there is no report which shows the combined 
effect of mechanical stress and magnetic field in the local ferroelectric response of the 
BFO thin films, as the ferroelectric response measurement by SPM during the stress 
application over the sample is a very difficult task. In this work, micro-indentations 
are made on the sample surface to apply mechanical stress on the thin film, as a few 
reports already have shown the presence of residual stresses near a sharp indentation 
cavity [1, 2]. Two different loads are used for making indentations on the sample: 
1.96 N and 2.94 N. To study the combined effect of mechanical stress and magnetic 
field, a permanent magnet (3200 Gauss flux density) is used to apply a magnetic field 
to the stressed sample. This permanent magnet can be easily used on the sample 
holder table of SPM because its small size fits well in the available spacing. 
5.1 Introduction 
 Effect of mechanical stresses in ferroelectric thin films can be very significant 
but are often neglected due to the lack of adequate stress measuring capabilities. 
Several researchers have discussed the changes in ferroelectric film structure and 
properties due to the presence of residual stresses. Tuttle et al. [3] and others [4, 5] 
reported that the sign of the residual stress in film decides the orientation of the 






thin films. Compressive stresses resulted in domains with their c-direction and 
polarization vector normal to the film surface, while tensile stresses induced domains 
with a direction normal to the surface and polarization vector in the plane. Reduction 
in the residual stress state due to annealing has led to measurable changes in the 
poling direction and switching behavior of PZT films [6]. Changes in switching 
behavior have also been observed by residual stresses induced by an external 
mechanical stress [7]. Lian and Sottos have measured changes in field induced strain 
with film thickness and used beam bending tests to show that mechanically applied 
tensile stresses further diminish the ferroelectric response in PZT film [8].  
 Garino and Harrington [7] studied the residual stress effects in sol-gel derived 
PZT films on platinized Si wafers. Tensile residual stresses of several hundred MPa 
were measured on the film. When residual tensile stress was decreased in film by 
applying external mechanical stress, a significant increase in remnant polarization was 
observed. Analytical models developed for epitaxial ferroelectric thin films also 
predict significant changes in the dielectric, piezoelectric and pyroelectric constants 
under the application of external stresses [9-11]. Moreover, the theory developed by 
Emelyanov et al. [9] shows that mechanical loading of epitaxial films can be 
employed for fine tuning of their ferroelectric properties.  
 Although these models are not applicable to polycrystalline ferroelectric thin 
films, the effect of stresses is interesting. Also the effects of stresses discussed above 
are mostly studied on the PZT thin films and no such effect has been found in BFO 
thin films. Therefore, in this work we are investigating the effect of mechanical (in the 
form of residual) stresses, on the local ferroelectric and its switching behavior of 






the combined effect of stresses and magnetic field, which has never been studied 
before.   
5.2 Experimental 
 The BFO samples were prepared by Dr Yan Feng in the department of 
Mechanical engineering at NUS. Following is a brief description of the processes of 
the BFO thin films [12]. Pulse Laser Deposition (PLD) technique was used to deposit 
the BFO thin film with a KrF excimer laser ( λ = 248 nm). The laser ablation was 
carried out at a laser fluence of 2 J/cm2 and a repletion rate of 10 Hz. The target to 
substrate distance was kept at 45 mm. The LaNiO3 (LNO) film was first deposited on 
the SiO2/Si substrate at 550oC in 50 mTorr oxygen partial pressure; this film was 
acting as a template, as well as the bottom electrode. Finally, BFO films (~200 nm) 
were deposited on the LaNiO3/SiO2/Si using oxygen partial pressure 100 mTorr at 
600oC. After deposition, the films were then cooled to room temperature at 1 atm O2 
ambient in order to minimize oxygen vacancies in the films. 
 The vertical Piezoresponse Force Microscopy (PFM, MFP-3D, Asylum 
Research, USA) is used to investigate the ferroelectric domain structure and local 
hysteresis loop for the as-deposited film; in addition, the effects of mechanical stress 
and magnetic fields are also studied. A conductive Pt-coated Si tip with a spring 
constant of 2 N/m (Electric-lever, Olympus, Japan) is used.  Furthermore, Kelvin 
Probe Force Microscopy (KPFM, MFP-3D, Asylum Research) is used to measure the 
surface potential of the samples. Four types of samples are studied: (i) as-deposited 
film; (ii) mechanical stressed film (SF), in which micro-indentations are made on the 
film surface (Shimadzu HMV-2 Micro Hardness Tester, Japan), with two different 
loads 1.96 and 2.94 N; (iii) magnetized film (MF), which is subjected to a permanent 






N pole faces the film surface; and (iv) indented samples which are subjected to the 
same magnetic field as that used for sample (iii) (SF & MF).  
5.3 Results and Discussion 
 Some reports based on the stress field near indentation have shown that when 
a sharp indentation is made on a surface there are always some residual stresses near 
the indentation cavity [1, 2]. These residual stresses are non-equal bi-axial stress 
fields, with tensile stress in the tangential direction and compressive stress in the 
radial direction. Figure 5.1a & 5.1b show the residual tensile and compressive stress 
contours calculated by numerical regression method for a 45 N load indent. It was 
reported that the tensile stress is highest near the indentation crack, but the 
compressive stress is highest furthest from the crack, which is along the direction 45o 
from the diagonal of the impression. The compressive stress is much higher than the 
tensile stress at a similar distance from the indentation, but it decreases much faster 
with distance.  
 
 
Figure 5.1 Iso-stress contours around a 45 N indentation. The dashed lines indicate 
that the value is uncertain. The indents and cracks are marked on the lower-left 







 Figure 5.2a shows the topography image of the Vickers indentation on the 
BFO film surface. On the basis of previous studies [1, 2, 13], two different locations 
are selected for all the PFM and KPFM measurements, one is near the crack location 
1 (dominated by tensile stress) and another is near the side of indentation cavity 
location 2 (dominated by compressive stresses). Figure 5.2d is the PFM image 
including the indentation crack (shown in the image). The topography of as deposited 
BFO thin film is shown in the Figure 5.2b. The average grain size is found to be 
approximately 100 nm for all the films used in this study [Figure 5.2b]. The film 
structure is confirmed as perovskite with (001) orientation determined by X-ray 
diffraction technique, as reported elsewhere [14]. 
 
Figure 5.2 (a) PFM image of indentation, representing the crack and scan location (b) 
Surface topography of as deposited BFO thin film, indicating the grain size and shape 
(c) ferroelectric domain orientation of the as deposited BFO thin film (d) ferroelectric 







 In the PFM and KPFM studies, four important parameters are measured, these 
parameters are: ferroelectric domain phase angle; piezoelectric coefficient 
(piezoelectric amplitude); ferroelectric domain switching (hysteresis response); and 
surface potential (SP). They are measured for all the four types of samples and then 
the results are compared with one another. 
 Under the mechanical stress, there is slight rotation in the domain angle, as 
shown by the PFM phase image; the mean value is changed from ~ 3o to 6o, 
depending on the scan locations and the indentation loads. Figures 5.2c and 5.2d show 
the ferroelectric domain orientation in the as-deposited film and near the indentation 
crack induced by a load of 2.94 N (scan location 1). White color represents ~ 200o 
domain angle and dark brown color represents ~ -50o domain angle in both the images 
(Figures 5.2c and 5.2d). The results show that near the indentation crack, which is 
under residual tensile stress, the ferroelectric domain angles are rotated from ~ 200o in 
the as-deposited film to ~ 150o in the stressed film near the crack. This observation is 
similar to the reported behavior in PZT thin film [9], which illustrates that external 
stress may induce the rotation of the spontaneous polarization relative to the film 
plane, resulting in a transition from the out-of-plane polarization state to in-plane one.  
 Another study made on PZT film using a bending type loading concluded that 
spontaneous polarization decreased as tensile stress increased [15]. In the present 
situation (near the crack location) tensile residual stresses are dominating, therefore, 
the decrease in polarization agrees well with earlier reports [9, 15]. Also, the 
ferroelectric state in BFO is due to a large relative displacement between the Bi ions 
and the FeO6 octahedral, therefore, under mechanical stress, the shape of the crystal 
structure changes [16, 17]. Hence the relative positions of Bi ions within the FeO6 






 When a magnetic field (3200 G) is applied over the indented sample, the 
ferroelectric domain angles only show a slight increment.  The domain angles are 
rotated in reverse direction compared with the case under the mechanical stress alone. 
This is due to the direction of the magnetic field (N-S, N facing film), which is 
creating the magnetic force on the domains in the opposite direction to that of the 
indentation force. To confirm this observation, a new film sample with the same 
composition, thickness and indentation load is subjected to the reversed magnetic 
field (S-N, with S facing film), and then the ferroelectric domain angles are measured. 
This sample shows that the mean domain angle rotates from ~ 7o to 13o, which 
confirms that the effects of the magnetic field and the mechanical stress can combine 
and have a significant effect on the angle of the ferroelectric domain. Therefore, the 
rotation of the domain depends on mechanical stress and magnetic force directions, if 
both are associative then the rotation will be increased and if both are opposite in 
nature, the overall rotation will be decreased (see appendix A for the effect of 
magnetic field direction on ferroelectric domain orientation).  
 For the measurement of the effective piezoelectric coefficient, dzz, the same 
procedure is followed as discussed in chapter 4. This value (dzz) is slightly different 
from the commonly-used macroscopic piezoelectric constant (d33) in the sense that d33 
is the strain in z-axis direction only, while the dzz value may include the contributions 
from other directions. All the measurements are taken on 2×2 µm2 scanning area by 
using a series of electric fields. Amplitude is then plotted against the applied bias to fit 
a linear curve. The slope of the fitted curve then gives the dzz value (pm/V). As the 
principle of measurement of dzz is the same as for the measurement of d33, this value 
should be proportional to the d33 value.  The dzz values measured at the different scan 






 For as deposited BFO film, the dzz value is found to be 18.24 pm/V. In the 
stressed condition, the dzz values are increased significantly to ~30 pm/V and ~60 
pm/V at an indentation load of 1.96 N and 2.94 N, respectively. This effect is also in 
good agreement with reports on the values for PZT thin films [9], which describe the 
dramatic increase in the piezoelectric constant value under the influence of external 
stresses. In BFO or other perovskite–type crystals, the high symmetry cubic lattice 
can transform into tetragonal form under the applied electric field. This 
transformation is due to the small movement of the positively charged Fe ions and 
oppositely charged O ions; this process results in a strain in the crystal lattice. 
Therefore, when mechanical stress is applied on the film, the relative positions of the 
Fe and O ions change and the strain value under electric field also changes.   
Table 5.1 Mean strain amplitude (dzz) and Surface potential results for all the samples 
under stress and magnetic field at location 1 and 2.   
 













1.96 N 1 20.97 -3.16 V 2 39.91 -3.22 V 






1 35.08 55.31 mV 
2 31.87 52.13 mV 
2.94 N, 
3200 G 
1 51.31 6.42 mV 
2 39.86 30.15 mV 
Magnetic 
Field 3200 G 42.86 -136.31 mV 
 
 When the magnetic field is applied to the indented sample, the dzz value gets 
reduced from the initial higher value. This shows that the effect of magnetic field is 






the changes caused by the mechanical stress (depending on the relative directions of 
the magnetic and mechanical stress fields). When only magnetic field is applied, the 
dzz value gets increased; and this shows that the magnetic force can affect the 
piezoelectric properties in the BFO film. 
 KPFM technique is used to measure the surface potential for all samples under 
ambient conditions. The understanding of surface potential and related charge 
dynamics for a material (BFO) is an important aspect for the memory device 
application, as this is directly related to the bit readout signal and reliability of the 
device [19]. Table 5.1 summarizes the surface potential values of different samples 
under different conditions. For as-deposited BFO film, the mean surface potential 
value is measured as -3.43 V. Under the mechanical stress, no significant change in 
the surface potential is measured. However, the surface potential changed 
significantly when magnetic field is also applied on stressed sample.   
 During a KPFM measurement, charge (electrons or holes) is injected on the 
sample surface by a conductive tip, which screens the polarization charge of the 
oriented dipoles [19-22]. The surface potential value measured on sample surface 
includes the contribution of the surface charge and the charge induced due to the 
dipole orientation [19]. For the sample under stress condition, there is no significant 
change in the surface potential is observed. This is due to a small change in the dipole 
orientation under the stress condition, as observed in PFM studies (Figure 5.2). For 
the sample, which is either under the magnetic field condition or combined 
mechanical stress and magnetic field condition, there is a movement of charge 
(electron or holes) on the sample surface due to the effect of magnetic force. This 






measured surface potential. The same effect is observed in the surface potential 
results for these samples (see Table 5.1).  
 The ferroelectric domain switching behavior of BFO film is further 
investigated using PFM. In general, the domain switching occurs in a ferroelectric 
material by the movement of domain wall inside the material. During this process, 
more favorably oriented domains grow at the expanse of the others. This process 
usually involves energy dissipation to overcome the pinning effect on domain wall 
caused by the impurities or other defects. The combination of nonlinearity and energy 
dissipation in this process, results in a hysteresis loop between polarization and cyclic 
electric field [23]. The size and shape of the loop is mainly characterized by the 
remnant polarization and coercive field. 
 Figure 5.3 shows the hysteresis loop of BFO film measured near the side 
location and under different conditions. Under the stress condition, an increase in the 
remnant polarization and a slight decrease in the coercive field are observed in the 
sample. This observation is similar to the reported behavior in PZT thin film under the 
compressive stress [15], as compressive residual stresses are also present near the side 
location. When a magnetic field (3200 G) is applied on the stressed film, the change 
in the coercive field is observed in reverse direction. The coercive field value is 
increased rather than decreased in stressed conditions, whereas the remnant 
polarization remains the same. 
 An increase in the coercive field value shows that there is more energy 
dissipation occurring in domain wall switching under the magnetic field condition. 
The same increment in the coercive field value is observed in either magnetic field 






conclude that, the magnetic field has an effect only on the coercive field, while the 
mechanical stress has an effect on both coercive field and remnant polarization.  
 
Figure 5.3 Hysteresis response of ferroelectric domain for (a) as deposited BFO thin 
film, (b) 1.96 N indentation load near the crack (c) 1.96 N indentation load and 3200 
G magnetic field near the crack. Also showing (Inset images) the phase change at 
different point on the loop.  
 
5.4 Conclusions 
 In this chapter, the combined effects of mechanical stress and magnetic field 
on the ferroelectric behavior of BFO films have been studied. The mechanical stresses 
are produced by using micro-indentation and the magnetic field is applied using a 






in the ferroelectric domain angle near the indentation crack and the side location due 
to the stresses. When the magnetic field is also applied on the stressed sample, the 
domain angle is rotated in reverse direction due to the magnetic force acting in reverse 
direction. Piezoelectric coefficient (dzz) results show that the strain increased when 
only mechanical stress is applied on the sample. When magnetic field is also applied 
on the same sample, the strain value is decreased slightly. Surface potential results 
conclude that there is no significant change in surface potential when sample is only 
subjected to the mechanical stress. A significant change in surface potential is 
observed when the magnetic field is also applied. Domain switching results show that 
the remnant polarization increases whereas coercive field decreases under the 
mechanical stress, but when the magnetic field is also applied on the same sample the 
coercive field shows a significant increase. 
 The mechanism for all the changes occurred due to the application of 
mechanical stress can be explained by the resultant strain value caused by the stress 
inside the crystal lattice. The ferroelectric state in BFO is attributed to a relative 
displacement between the Bi ions and the FeO6 octahedral. Due to the strain, the 
relative positions of Bi ions and FeO6 octahedral inside the lattice change, this induces 
a rotation of ferroelectric domain. Similarly, the piezoelectric constant is also related 
to the strain. It is defined as the strain produced in the crystal by a unit change in the 
applied electric field value. Therefore, piezoelectric constant value is also affected by 
mechanically produced strain.  
The mechanism for all the changes occurred due to the application of magnetic 
field can be explained on the basis of the magnetic force. When a charge is placed in a 
magnetic field, it experiences a magnetic force. The charge present on the sample 






the surface potential value, which is observed in our surface potential studies. At the 
same time, the anion and cation present inside the lattice also experience a magnetic 
force when placed in the magnetic field. The direction of forces acted on anion and 
cation are opposite in nature and produce a rotation effect on the electric dipole 
present in the sample. This slight rotation in the charge positions induces a rotation of 
ferroelectric domain, which is observed in ferroelectric domain study results. The 
direction of rotation depends on the direction of the magnetic field applied to the 
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Chapter 6: Effect of Mg doping on the Properties of Bi0.9La0.1FeO3 thin films 
 
 In the previous chapter, we have discussed the effects of magnetic field and 
mechanical stress on the undoped BFO thin film deposited by the PLD technique. 
This chapter discusses the effects of Mg doping on the various electrical properties of 
Bi0.9La0.1FeO3 (BLFO) thin films. Similar to the previous chapter, these samples are 
prepared by the student from the Department of Materials Science and Engineering 
(NUS) under collaborative work. RF magnetron sputtering is used to deposit the 
undoped, 2% and 4% Mg doped Bi0.9La0.1FeO3 (BLFO) thin film samples. Scanning 
Probe Microscopy (PFM and KPFM) techniques were used to measure the various 
properties of the thin film samples. The main properties studied here are: ferroelectric 
domain structure, domain switching behavior, polarization fatigue, polarization 
retention and the surface potential change before, and after the dc biases application.   
6.1 Introduction 
 As we have discussed in the last chapter, BFO is the multiferroic material 
which have Curie (Tc~1103 K) and Neel (TN~643 K) temperatures well above the 
room temperature [1-3]. Recently, a high amount of polarization (Pr) (100 µC/cm2) 
has been reported in BFO single crystal [4, 5]. These results gave a possibility to use 
this material for lead-free ferroelectric applications. However, the higher current 
leakage is still a major problem for using it in a memory device application due to the 
presence of oxygen vacancies (VO) [6-9]. Therefore, several efforts have been made 
to control the VO concentration in BFO to improve the voltage endurance in thin film 
samples. The chemical doping of high valence ions was used as one of the methods to 
control VO [6-10] and the post annealing treatment in an oxygen-rich atmosphere was 






 Furthermore, VO creates a more complex defective structure together with 
other negative charge defects, as observed in Zn-doped BFO [12]. This has led to a 
tremendous decrease in the leakage current. In addition, VO can migrate under electric 
field and creates a condition similar to a p-n junction [13]. This uneven distribution of 
VO creates an internal electric field in the material, which provides a driving force for 
domain reversal [14]. All these observations show that VO plays an important role in 
controlling the electric conduction in BFO thin films. Therefore, in this study, Mg 
doping is used to create a different concentration level of VO in BLFO thin films.  
 The purpose of selecting BLFO instead of undoped BFO is the volatilization 
of Bi and O. The addition of Lanthanum (La) in BFO stabilizes the perovskite 
structure of BFO phase and suppresses the vitalization; this characteristic is already 
well reported in the literature [15, 16]. Due to the large ionic radius of La3+ ion, it 
substitutes the Bi3+ ion in the lattice [17]. Similarly Mg2+ ion replaces the Fe3+ ion in 
the lattice as both have very similar ionic radii. The substitution of Mg2+ ion in the 
lattice creates a net charge condition due to +1 charge deficiency. To neutralize this 
induced charge in the lattice some oxygen ion need to vacate the neighborhood 
position. This process gives rise to oxygen vacancies (VO) in the BLFO thin film. As 
the VO concentration depends on the amount of Mg doping in the material, two 
different Mg concentrations (2% and 4%) are selected for doping.  
6.2 Materials and Experiments 
 A brief summary of the sample deposition process is described in this section. 
All the undoped and Mg doped BLFO film samples were deposited by RF magnetron 
sputtering technique. Prior to deposition of the actual film, a thin SrRuO3 (SRO) 
buffer layer (~80 nm in thickness) was deposited on Pt/TiO2/SiO2/Si substrate at 






SRO layer at 620°C. X-ray diffraction (XRD) and Raman Spectroscopy were used to 
determine the different phases form in the sample. The detailed procedure of sample 
preparation is described elsewhere [18] 
 To investigate the piezoelectric and electrical properties of the samples, PFM, 
KPFM and dc writing techniques were used on the SPM. The same procedures 
(Chapter 4) were used for the measurement as described earlier. The dc writing was 
used to apply the positive and negative dc biases on the films to study the 
polarization-fatigue, polarization-retention and the charge transportation phenomenon. 
The same conductive tip (Pt-coated silicon tip with tip radius of ~ 15 nm, spring 
constant of 2 N/m and resonant frequency of 70 kHz) was used for all the 
measurement as used in undoped BFO study. 
6.3 Results and Discussion  
 The crystal structures of the samples were determined using XRD at room 
temperature [19]. The XRD pattern of the Mg doped BLFO has been indexed by the 
space group of the R3c [19], and no other secondary phase was detected. To further 
confirm the single phase observed in these samples, micro-Raman spectroscopic 
studies were performed at 20 different positions on the film surface [29]. All the 
Raman peaks and bands were found in good agreement with those reported for La 
doped BFO [20-22]; Nd-doped BFO [23]; La/Nd-codoped BFO [24] and BFO [25] of 
a single perovskite phase. Therefore, by the Raman data together with XRD results it 
can be said that the Mg doped BLFO film samples used in this work have only a 
single-phased perovskite structure without any secondary phase [18]. 
6.3.1 PFM measurements (Ferroelectric domain, dzz, Domain switching) 
 Figure 6.1a and 6.1b shows the PFM images for undoped and 4% Mg doped 






of Mg doping on the grain size of the BLFO. As there is no change observed in the 
crystal structure (by XRD) of undoped and the doped BLFO samples (perovskite 
only), so topography results are as per expectation. The amplitude images show that 
there is an increase in the strain value for the Mg doped sample compared to that of 
the undoped BLFO film (brighter represents higher strain value).  
 
Figure 6.1 PFM measurement results of topography, amplitude and phase for (a) 
undoped and (b) 4% Mg doped BLFO samples (1µm scan size).  
 
 It is known that, for undoped BFO, the amplitude or strain is associated with 
the spacing creates between the anion and cation in the lattice when an electric field is 
applied [30, 31]. When Mg is doped into the BLFO, it replaces the Fe ion in the 
lattice. To maintain the charge balance an oxygen atom need to vacant the neighbor 
position. This process results in a defect (vacancy) in the lattice. When an electric 
field is applied on the doped sample more space is available for anion and cation to 
move due to vacancy and thus produces more strain.  
 The phase image (Figure 6.1a and 6.1b) represents the domain orientation of 






belongs to -250o) and the brighter region represents the positive domain angle 
(brightest belongs to +50o).  These positive or negative angles are with respect to the 
applied voltage direction, which is approximately normal to the sample surface and 
pointed downward from the SPM tip. The phase images show that there is a slight 
change in the domain orientation in the Mg doped sample mostly near the grain 
boundary, domains are rotated towards positive angle (+50o) direction. The domains, 
which are still aligned in negative direction in doped sample, seem more consistent 
compared to undoped sample. In the Mg doped sample, there are point defects 
(oxygen vacancies) present in the lattice to maintain the charge balance. These defects 
can change the orientation of electric dipole in the sample. The results shows that 
more defects are present near the grain boundaries, as more dipoles are rotated in that 
region. For 2% Mg doped sample, the similar changes are observed in PFM images 
but up to a less extent than the 4% Mg doped sample, which may be due to the less 
numbers of VO in sample.  
 Another important parameter studied on these samples is the effective 
piezoelectric constant (dzz). The method of dzz determination has already been 
discussed in the Chapter 4. The dzz value for the undoped sample is found as 31.71 
pm/V, which is in good agreement to the earlier reported d33 value for undoped BFO 
thin films [26]. The dzz valves for 2% and 4% Mg doped BLFO are measured as 54.07 
and 50.92 pm/V respectively. This is significantly higher than that of the undoped 
BLFO sample, which shows that the doped BLFO have more deformation under the 
electric field or in other word have better piezoresponse.   
 Next parameter studied here is the local hysteresis response or domain 
switching behavior of the BLFO samples. Figures 6.2a and 6.2b represent the 






and 2% Mg doped BLFO samples. For the undoped BLFO, both the hysteresis loop 
and strain loop are similar to the earlier reported for undoped BFO thin films [26]. 
However, the 2% Mg doped sample shows a reverse and smaller hysteresis loop, 
which is also not symmetric to the voltage axis. Inverse and smaller hysteresis loop 
indicates that the switching of a single domain under the probe becomes more in 
doped sample. This is due to the presence of point defects (vacancies) in the material, 
which act as the pinning center to the domain wall in the switching process. The shape 
of strain loop in the doped sample is also different then a proper butterfly. This 
suggests that the switching mechanism in the doped sample is different than the 
undoped sample.  
 
Figure 6.2 Local hysteresis loop for domain switching and corresponding strain loop 
for (a) undoped BLFO and (b) 2% Mg + BLFO samples. 
 
 For 4% Mg doped sample, both hysteresis and strain loops could not measure 
due to the requirement of higher coercive field or applied voltage for the domain 
switching. The maximum voltage limit of the PFM used in this study was ±10 V, 
therefore, more comprehensive studies are needed for this sample using high voltage 







6.3.2 Polarization-fatigue and polarization-retention 
 We have studied the effects of different Mg doping on various properties of 
BLFO thin films. For the application of these materials in data storage device, some 
more reliability tests are needed to perform. Two different types of experiments are 
used in this part of study. The first is writing/erasing/rewriting, which is analogous to 
fatigue and termed as polarization-fatigue. Another is to hold a switched polarization 
for a certain period of time for polarization retention study, which is termed as 
polarization-retention. In polarization-fatigue, negative and positive biases are applied 
alternately one after other on a particular portion of the sample surface. A small 
region (2x2 µm2) is selected for writing and erasing by +10 V and -10 V dc biases up 
to three times and after each writing step, the polarization is measured by a PFM 
scanning. For the 4% Mg doped sample, the voltage range of the PFM is not sufficient 
for effective domain switching therefore, the results are only compared between 2% 
Mg doped and undoped samples.  
 Figures 6.3a and 6.3b show the ferroelectric domains after each writing steps, 
up to three times for undoped and 2% Mg doped BLFO samples. The middle portion 
(purple in color) of the image represents the poled area where the writing and erasing 
operations are performed and the rest area (yellow in color) represents the initial 
domain orientation. For undoped BLFO sample, the results show that after each 
writing step the domain switching becomes difficult as, less number of switched 
domains is appeared in the PFM image after 2nd and 3rd writing. For Mg doped 
sample, the results are opposite to that of the undoped sample. It appears from the 








Figure 6.3 Represents the ferroelectric domain response, after each writing step up to 
3 times for (a) pure and (b) 2% Mg doped BLFO sample. Scan size is 5x5 µm2 and 
the writing size is 2x2 µm2. 
 
Table 6.1 Mean domain angle under the unbiased and biased area for undoped and 

















1st 60.33 -97.22 157.55 
2nd 52.48 -77.24 129.72 
3rd 44.13 -58.65 112.78 
2%Mg 
+ BLFO 
1st 33.06 -64.76 97.82 
2nd 50.37 -74.77 125.14 
3rd 69.63 -87.18 156.81 
 
 To compare more quantitatively, the mean domain angle was calculated in the 
unbiased and biased area for all the samples. Table 6.1 contains the values of mean 
domain angle in the unbiased and biased area including with the mean rotation angle, 
which is simply the difference of the first two angles. For undoped sample the 
difference of angle in the unbiased and switched area is decreasing after each writing 
step. It means switching is getting difficult in undoped sample. For Mg doped sample 






that the Mg doping in BLFO improves the domain switching behavior, which is 
getting better and better after each writing step. From these results it can be 
interpreted that after few writing steps Mg doped sample will achieve 100% domain 
switching, which is a desirable property of the data storage material.  
 Another important test for reliability is the polarization-retention which 
performed next to the samples. It includes the poling of the sample surface and then 
holding it for a certain period of time to study the speed of polarization reversal or the 
stability of polarization. In this test, +10 V and -10 V dc voltage is used to pole the 
2x2 µm2 area of the sample surface (Figure 6.4) using line scan method and then the 
surface is scanned in PFM mode to observe the polarized state of the sample. This is 
followed by repeated scanning after every single hour, to observe the remaining 
polarization in that area. In this study, the sample is held for 17 hours and the final 
polarization images for both undoped and Mg doped BLFO samples are shown in 
Figure 6.4.  
 
Figure 6.4 Time dependent polarization response for (a) undoped BLFO and (b) 2% 







 Figures 6.4a and 6.4b represent the time-dependent polarization response of 
the undoped and 2% Mg doped sample just after the poling process and after 17 
hours, respectively. Although the initial contrast of the two samples is different but as 
the time-dependent response in each sample is compared separately, so it is believed 
that the results are not interfering each other. For undoped BLFO sample, the 
immediate poling result shows that there is domain switching by both the negative 
and positive dc fields. While for the Mg doped sample, the only positive field can 
switch the domain. These results are in good agreement with the hysteresis response 
(Figure 6.2). For undoped BLFO sample, the hysteresis loop is symmetric with the 
applied voltage, and the strain loop shows that the strain develops under both positive 
and negative fields. It means the domain can be switched from positive as well as 
negative electric field for undoped BLFO sample. However, the hysteresis loop for 
Mg doped sample is offset in the voltage axis, and the strain loop shows the strain is 
only developed under the positive voltage, which is same to the polarization results, 
i.e., only positive voltage can pole the Mg doped BLFO sample. 
  The polarization results of the undoped BLFO sample after 17 hours of poling 
show that more than 80% of polarization has reversed back to their original state. This 
shows a faster domain reversal than expected, or in other words, there is a short 
memory life if used for data storage. 17 hours later, the results of Mg doped sample 
show that almost 90% of the polarization can still be maintained in the poling area. It 
indicates that Mg doping in BLFO can slow down the domain reversal process and the 
polarization is stable for a very long time. This slow domain reversal is observed due 
to the presence of the oxygen vacancies (VO) as a point defect in the material, which 







6.3.3 KPFM results (surface potential, before and after dc bias application)  
 In this section, we will discuss the effects of oxygen vacancy (introduced by 
Mg doing) on the charge distribution and the conduction behavior of BLFO films. 
KPFM technique is used to measure the surface potential of the various samples in 
unbiased and biased conditions. Initially, the surface potential is measured in unbiased 
condition by scanning an area of 3x3 µm2 with the same procedure as described 
earlier (Chapter 4). Then a negative and positive dc bias is applied to a 1.5x1.5 µm2 
area in contact mode by SPM (MFP-3D, Asylum Research, USA). Subsequently, the 
surface potential values are measured for the entire 3x3 µm2 area and the results are 
then compared between undoped and doped BLFO samples. 
  The surface potential value in unbiased condition is measured as 313.76 mV 
for undoped BLFO, 222.10 mV for 2% Mg doped and -89.86 mV for the 4% Mg 
doped samples. In general, the surface potential measured by KPFM technique is the 
contact potential difference; this is equivalent to the work function difference between 
the probe tip (Pt) and the sample surface if measured in ultra-high vacuum conditions. 
Here, KPFM is performed under the ambient conditions; therefore, the measured 
surface potential will not exactly be the work function difference but will be in 
proportion. Figure 6.5 represents the schematic energy band diagram plotted for 
different samples based on their KPFM surface potential results. The actual position 
of the Fermi level for the different samples may be different from that represented in 
this diagram. Here, our only objective is to understand the type of contact between 
probe tip and the sample surface. The positive surface potential value for undoped 
BLFO clearly shows that the work function of the Pt-coated tip is larger than that of 







 Furthermore, higher surface potential value results in the higher Schottky 
barrier thickness, which makes difficult to transfer charge from the tip to the sample 
surface. If the measured surface potential is slightly negative or close to zero (as for 
4% Mg doped BLFO) then the contact is considered as Ohmic, and it is possible to 
transfer charge from the tip to the sample surface or vice versa. 
 
Figure 6.5 Schematic energy band diagram for different samples based on the KPFM 
measurement.   
 
 The KPFM results on unbiased condition show that undoped BLFO have 
Schottky contact with the SPM tip, which becomes Ohmic for 4% Mg doped BLFO 
samples. This change in the surface potential value (from positive to negative) or the 
change in the Fermi energy level of BLFO after Mg doping is possibly due to the 
formation of VO inside the material. In general, migration of the vacancies causes the 
change in the Fermi energy level of the materials, as a result the contact between the 
tip and the sample surface may change from Schottky to Ohmic. 
 Further to study the migration of oxygen vacancy under the electric field, dc 
bias is applied to the sample surface in contact mode using the same SPM. A 
sequence of dc bias is applied in a 1.5x1.5 µm2 area of the sample, in an order of +10 
V, +5 V, -5 V, -10 V according to arrow direction in Figure 6.6. The bias is applied 






potential image for undoped, 2% and 4% Mg doped sample after the dc bias 
application, respectively. The white color represents an increase in the surface 
potential value compared to the unbiased (light brown) region, similarly the dark 
brown color represents a decrease in the surface potential value. As the surface 
potential value is affected by the charge transfer and distribution during the tip-
surface interaction, as well as the surface absorption layer in the ambient conditions, 
therefore, it will not be quantitatively reproducible after bias application [27]. Hence 
for better comparison of the results across the different samples, the surface potential 
value in unbiased region is reset to 0 V for all the cases. 
 
Figure 6.6 Surface potential images after bias application at the center (within square 
region) for (a) undoped BLFO (b) 2% Mg doped BLFO and (c) 4% Mg doped BLFO. 
The arrow shows the location of data collection used to plot for comparison in Figure 
6.7. 
 
 The surface potential results after the dc bias application show that the Mg 
doped samples get more significant change in surface potential value for both the 
biases, negative and positive, compared to the undoped sample. In general, positive 
(negative) bias results in the injection of holes (electrons) on the surface, which shifts 
the Fermi level and results in an increase (decrease) in the surface potential values 
[28]. The efficiency of the injection (electrons or holes) depends on the work function 
difference between the tip and the film surface; smaller the difference, the higher is 
the injection efficiency. For the undoped BLFO sample, surface potential in unbiased 






transferred to the sample surface from the tip. For the 2% Mg doped sample, surface 
potential in unbiased condition is lower; therefore more holes and electrons can be 
injected on the surface from the tip. For the 4% Mg doped sample, the surface 
potential even becomes negative in unbiased condition; hence the holes and the 
electron can easily be transferred to the sample surface from the tip and will cause a 
higher change in the surface potential value. 
 Figure 6.7 shows the quantitative results of the surface potential change 
caused by the dc biases for different samples. These results show that under the 
negative bias, the change in the surface potential value is significantly higher than 
under the positive bias. In general, the surface potential measured in KPFM consists 
the contribution of injected charge, polarization charge and surface charge (see 
appendix B for more information) [28].  For the undoped sample, as the unbiased 
surface potential value is higher, less charge could transfer to the sample surface due 
to the presence of Schottky barrier at the interface.  
 For the 2% Mg doped sample, the unbiased surface potential is slightly lower 
than the undoped sample, therefore more charge could transfer compared to  undoped. 
The difference in surface potential value under positive and negative biased region is 
due to the presence and migration of VO in the Mg doped sample. When the positive 
bias is applied, due to the migration of the oxygen vacancy an internal field creates in 
the sample and form a situation of p-n junction kind [14].  This opposes the flow of 
charge from the tip to surface and provides the driving force for the domain 
nucleation in the sample. Thus, the observed surface potential change in the positive 
bias region is mainly contributed by the polarization charge. To confirm this, we 








Figure 6.7 Plot between the surface potential changes and applied bias voltage for all 
three samples. (Data collected at the arrow location in Figure 6.6). 
   
 
Figure 6.8 PFM phase images of the 2% Mg doped sample before and after dc bias 
application. Polarization switching is only observed in the positive biased region 
while the negative biased region shows no change. 
 
 Figure 6.8 shows the PFM phase image of the 2% Mg doped sample before, 
and after the bias application. A clear domain switching is noticed in the positive bias 
region of phase image, whereas no difference is observed in the negative biased 






positively biased region. For 4% Mg doped sample as the unbiased surface potential is 
negative, therefore even more charge could transfer from the tip to the sample due to 
Ohmic contact at the interface. Results show that there is still a significant difference 
in the surface potential value under negative and positive biased region. This is due 
the presence of more vacancies in this sample, which migrate under bias application 
and caused a behavior like p-n junction in Ohmic contact of 4% Mg doped sample 
with tip.  
6.4 Conclusions 
 In this chapter, we have discussed the effect of Mg doping on the piezoelectric 
and charge distribution properties of BLFO thin films. PFM and KPFM techniques 
are used to investigate the effects on various properties. PFM scanning revealed that 
there is a significant change in the strain value after Mg doping, along with 
insignificant changes in the domain orientations. Polarization-fatigue results 
suggested that the polarization switching by dc bias becomes easier in 2% Mg doped 
sample after each writing step. Switching spectroscopy results showed that for 4% Mg 
doped sample, switching becomes even more difficult using the same electric field, 
which shows that the domain nucleation becomes hard at most of the location due to 
the presence of more oxygen vacancies. Polarization-fatigue and polarization-
retention test concluded that the Mg doping enhanced the information storage 
capabilities in BLFO thin films. KPFM results verified the presence and migration of 
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Chapter 7: Existence of ferroelectric-like behavior in copper doped Zinc Oxide 
thin Films 
 
 In the last two chapters, we have discussed the characterization of various 
BFO based thin film materials using PFM and KPFM techniques. Now from chapter 7 
to chapter 9 we will discuss the new findings in zinc oxide (ZnO) based thin film 
materials using the similar characterization techniques. ZnO is a newly emerging 
multifunctional material which has many potential applications in the field of 
electronics, semiconductor and spintronics. The next few chapters are based on the 
characterization of the ZnO thin films for its ferroelectric-like properties and its 
possibilities of being used in the field of energy and data storage. As ZnO is known 
for its superior properties at very low cost, its use in various storage applications will 
further reduce the device cost. In this chapter, the copper doped ZnO thin films are 
explored for its application in information storage. The possibilities of using ZnO for, 
charge storage application will be discussed in the next chapter. In this study, all the 
samples were grown by pulse laser deposition (PLD) by the colleagues at the 
Department of Materials Science and Engineering (NUS). Similar to BFO related 
studies, Piezoresponse Force Microscopy (PFM) was used for the investigation of 
ferroelectric-like behavior observed in the films. As the completed work has been 
published in a recent paper as a collaborative work by several groups in NUS [14], 
this chapter only discusses our contributions in that work; which is related to the 
characterization of copper doped ZnO thin films for its ferroelectric-like behavior and 









 Multifunctional materials are getting more and more attention in the current 
research trend, as they exhibit multiple order parameters simultaneously, and can be 
used in many practical applications [1, 2]. We have discussed earlier that it is very 
rare to get multiple orders in a single phase material unlike perovskite. ZnO, on the 
other hand, is getting more and more attention in a growing technological 
environment due to its versatile properties [3]. It has been observed that the 
substitution of transition-metal ions on Zn sites in the lattice lead to the ferromagnetic 
order [4]. Even the doped ZnO bulk crystals and thin films have shown the 
ferroelectric-like behavior [5, 6]. Recently, some of the reports claimed the 
coexistence of ferromagnetism and ferroelectric-like behavior in doped ZnO [7, 8]. In 
our recent work, we have demonstrated the multifunctional behavior in the Cu doped 
ZnO films [14].  
 In this chapter, we are mainly investigating the ferroelectric-like behavior in 
the Cu doped zinc oxide (ZnO: Cu) thin film. The detail of the existence of 
ferromagnetism has been discussed elsewhere [14]. The addition of Cu in ZnO 
reduces the electron concentration tremendously, which leads to a high resistivity in 
thin film [9]. The high resistivity can reduce the current leakage, and favored 
ferroelectric-like measurement. The Cu doping in ZnO also introduces the oxygen 
vacancies (VO) in the film, which causes the ferromagnetism [10-13].  
7.2 Materials and experiments 
 ZnO films with two different compositions are used in this study: 2 at.% Cu 
and 8 at.% Cu. Two different concentrations of Cu are selected because of the 
resistivity of the ZnO films are dependent on the Cu concentration. Therefore, the two 






collaborator and detail deposition procedures were discussed elsewhere [14]. A brief 
summary of sample preparation is included here.  
 The Cu-doped ZnO films with a nominal thickness of 250 nm were prepared 
on (001) quartz and Pt/Ti/SiO2/Si substrate by pulsed laser deposition (PLD) using a 
KrF excimer laser operating at 248 nm and a fluence of 1.8 J cm−2 at 600°C (which is 
the optimized temperature for achieving considerably high resistivity). The films were 
deposited under oxygen partial pressure of 5×10-4 torr. To obtain uniform oxygen 
distribution in the film, the samples were kept at an identical deposition temperature 
and oxygen partial pressure for ~ 20 minutes prior to cool down. Then the samples 
were slowly cooled down to room temperature in oxygen atmosphere at the deposition 
pressure. The structures of the samples were studied by X-ray diffraction (XRD; 
Briker AXS D8 Advance), X-ray photoemission spectroscopy (XPS; Kratos AXIS 
Ultra DLD) and Raman spectroscopy (LabRam HR 800). The Cu content was 
estimated by the energy dispersive X-ray spectroscopy (EDS) attached in the scanning 
electron microscope (SEM; Philips XL30 FEG), and has been re-confirmed by XPS 
analysis. This information is provided by other student from our collaborative group.  
For ferroelectric-like characterization of the samples, a conductive cantilever 
tip (Electri-Lever, Olympus, Japan) is used on a commercial SPM (MFP-3D, Asylum 
Research, USA), which is capable to characterize the local switching behaviors and 
the local hysteresis loop under the applied voltage. During the hysteresis loop 
acquisition, the tip was fixed at one location and a triangular waveform, carried by a 
sequence of square waves, was applied to the tip at a frequency of 200 to 500 mHz. 
The remnant bias-induced polarization was acquired at every pulse between the 







7.3 Results and Discussion 
 The XRD results showed that for both the samples (2 at.% and 8 at.% Cu), all 
the peaks were well-indexed and correspond to a crystalline wurtzite ZnO structure 
with the predominated c -axis (002) texture [14]. The resistivity of ZnO:Cu films were 
measured by in-line four-point probes at 300 K and the resistivity values were found 
as 70 Ω  cm and 2 x 107 Ω  cm for 2% and 8% Cu doped samples (which is 0.04 Ω  cm 
for undoped ZnO).  The highest resistivity value was found in the order of  ~ 109 Ω  
cm which is comparable to the values obtained for epitaxial BiFeO3 [16] and Ti-rich 
lead zirconate titanate (PZT) films [17]. The transition from the semiconducting to 
highly insulating-like behavior is attributed to the deep acceptor levels and electron-
trap states introduced by the Cu impurities [9, 18]. 
7.3.1 Ferroelectric-like polarization and its switching 
 The resistivity results have shown a significant increase in the sample with 2% 
Cu and a tremendous increase in the sample with 8% Cu. Therefore, the possibility of 
detecting ferroelectric-like nature in ZnO has increased significantly after Cu doping. 
To confirm this observation, PFM is first used to image the ferroelectric-like behavior 
for both the samples in unbiased condition with the same procedure as described 
earlier (Chapter 4). Figure 7.1 represents the PFM amplitude and phase images 
measured in unbiased condition for 2% and 8% Cu doped ZnO samples, respectively. 
The initial polarization results show that there is spontaneous polarization (yellow 
color) in both the samples together with piezoresponse (strain). To further confirm 
that the PFM responses are ferroelectric-like only, a dc bias was applied to test the 
polarization switching behavior under the positive and negative bias.  With the same 
procedure as described in Chapter 4, the dc bias is applied to a 5x5 µm2 area within 






the 2% and 8% Cu doped sample after applying a positive bias (+10 V) followed by  a 
negative (-10 V) bias.  
 
 
Figure 7.1 Initial PFM response of amplitude and phase for (a) 2% Cu doped and (b) 
8% Cu doped ZnO sample.   
 
 
Figure 7.2 PFM amplitude and phase response for 2% Cu doped (a), (b) just after 
writing with +10 V & (c), (d) just after erasing with -10 V and for 8% Cu doped (e), 
(f) just after writing with +10 V & (g), (h) just after erase with -10 V. Scan size is 







 For both the samples, positive bias can switch the polarization by 180o (purple 
color) but the negative bias only induces small change in rotation; this is because the 
initial polarization state is already aligned in the negative field direction. The PFM 
amplitude also shows the same trend, the strain is significant only under positive bias, 
with no effect of negative bias. Nevertheless, this observation confirms that the PFM 
phase image is due to the presence of ferroelectric-like behavior in the samples. 
7.3.2 Local Hysteresis and Strain loop 
 To study the switching behavior or polarization switching, switching 
spectroscopy PFM mode (SS-PFM) is used with earlier described procedures in 
Chapter 4. Figure 7.3 shows the polarization switching hysteresis loop and strain loop 
for 2% Cu doped ZnO sample.  
 
Figure 7.3 Hysteresis and strain loop for the 2% Cu doped ZnO sample. 
 
 The results show that, although the hysteresis loop is not fully saturated, but 






point to be noticed here is the position of the loop with respect to the voltage axis, 
which is not symmetric about 0 voltage axis. This shows that the polarization already 
has some preferred orientation or, in other words there is a built-in field in the film. 
Therefore only the positive bias can switch this 180o, which is also consistent with the 
dc writing results. The strain (amplitude) loop indicates that the strain response under 
the positive bias is less compare with the negative bias. This observation is consistent 
with the recently reported results on Zn-polar ZnO thin films [19].      
 For 8% Cu doped sample, no loops can be observed for polarization switching. 
This is due to the higher switching voltage requirement because of high resistivity of 
this sample. Generally-speaking, the principle of hysteresis loop measurement in PFM 
is slightly different from that in the dc writing process. In the dc writing experiment, 
the time of bias application depends on the scan speed, and this can be longer than the 
time required for polarization switching in the hysteresis loop measurement. 
Therefore, higher voltage is required for switching the polarization of 8% Cu doped 
sample in SS-PFM mode to obtain the hysteresis loop. However, based on the result 
of 2% Cu doped sample and the resistivity measurement, it is reasonable to assume 
that a similar response in hysteresis loop can be obtained for 8% Cu doped sample if 
the applied bias is high enough.    
7.3.3 Time-dependent PFM Studies 
 To have a better understanding of the ferroelectric-like behavior of the ZnO 
based materials, the time-dependent domain reversal behaviors of the samples are 
studied with dc writing processes using positive and negative biases. The amplitude 
and phase image are scanned with a fixed interval of time up to 19 hours after the dc 
writing for both the samples. For this study, a positive bias is first applied in 5x5 µm2 






polarization image for the 8% Cu doped sample before poling, just after poling and 
after 19 hrs of poling.  
 
Figure 7.4 Time-dependent polarization results for the 8% Cu doped sample (a) 
before poling, (b) just after poling and (c) after 19 hrs of poling. Positive (+10 V) 
voltage was applied in 5x5 µm2 area (green square) and negative (-10 V) bias was 
applied in 2x2 µm2 area (red square). 
 
 It is observed that positive bias causes polarization switching by ~ 180o for 
most of domains, but negative bias only caused a slight change in the phase angles of 
the polarization. After 19 hrs, the polarization in the positive bias region is still stable 
for more than 50% of the initial polarization, whereas in the negative bias region, 
most of the polarization reverses back within the first 1 hour after the poling. For 2% 
Cu doped sample, we only used positive bias in dc writing as negative have no effect. 
Figure 7.5 shows the time-dependent results for 2% Cu doped sample after positive dc 
bias application.  It is found that the switched polarization is very stable for a long 






for the data-storage applications. The positive bias can be used to write the 
information whereas the negative bias to erase.    
 
Figure 7.5 Time-dependent polarization results for 2% Cu doped sample (a) before 
poling, (b) just after poling and (c) after 19 hrs of poling. Positive (+10 V) voltage 
was applied in 5x5 µm2 area (green square). 
 
 
Figure 7.6 Phase image for 8% Cu doped sample (a) before, (b) just after, (c) after 25 
hrs and (d) after 65 hrs of positive (+10 V) bias application.   
 
To further test the reliability of this material in data writing, an even longer 






phase images at the different time intervals after the dc writing. These results again 
show that ZnO is promising candidate for data-storage application, as the switched 
polarization is still stable even after 65 hrs of dc writing. 
 
7.3.4 Possible Mechanism  
 There are two possible mechanisms for the ferroelectric-like behavior and the 
stability of the switched polarization in ZnO-based material. One is the function of Cu 
ions and the other is the effects of VO due to the doping of Cu in ZnO.  The 
ferroelectric-like nature may be attributed to the substitution of smaller Cu2+ ions 
(radii = 0.057 nm) and/or Cu1+ ions (radii = 0.06 nm) into the Zn2+ sites in the lattice 
points (radii = 0.074 nm) [20]. As the sizes of these doped atoms are smaller than 
parent atoms, it therefore gives rise to the electric polarization when these atoms 
occupy off-center positions. Thus, a local induced electric dipole can lead to 
ferroelectric-like behavior in this ZnO film. The stability of switched polarization by 
positive dc bias may be attributed to the presence of the defects such as VO, which 
may act as pinning centers for polarization reversal. This can induce the memory 
effects in ZnO based materials.  
7.4 Conclusions 
 In this chapter, we have investigated the effects of copper doping on the 
properties of zinc oxide. It is found that copper doping gives rise to the ferroelectric-
like behavior in the ZnO thin film samples. In addition, positive bias can switch the 
polarization while there are almost no effects of negative bias on polarization 
switching. Hysteresis and strain loops results also confirm the different effects of 
positive and negative biases on the polarization switching in copper doped ZnO. 






switched polarization can last even longer than 65 hrs. Therefore, these results suggest 
that copper doped zinc oxide is a promising candidate for future data-storage 
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 In the last chapter, the ferroelectric-like polarization and its switching 
behaviors in ZnO-based films were studied by using PFM technique. In this chapter, 
we are going to explore the charge storage capabilities in doped ZnO thin films. In 
this study, cobalt (Co) is used as an additional doping element to study the effects on 
charge stability. The bipolar charge stability of Cu doped, Co doped, Cu and Co 
codoped ZnO samples are studied using Kelvin Probe Force Microscopy (KPFM) 
techniques. The results are compared with that of the undoped ZnO sample. During 
the KPFM study, the bipolar charges are transferred through dc writing process to the 
film surface. To study the charge stability, time-dependent tests are performed for all 
of the samples. It is observed that the coexistence of copper and cobalt in the ZnO 
film further suppress the electron density in the material and cause the significant 
changes in the surface potential values and their distribution. Based on the KPFM and 
UPS (Ultraviolet Photoelectron Spectroscopy) measurements, a clear transition from 
Schottky to Ohmic contact is observed via incorporation of copper (Cu) and cobalt 
(Co) elements into the ZnO films. The initial charge storage capacity in ZnO:Cu:Co 
sample is significantly enhanced by more than three folds as compared to that in  the 
undoped ZnO, ZnO:Cu and ZnO:Co systems. In addition, more than 50% of the 
charge in ZnO:Cu:Co can be held for more than 20 hours.   
8.1 Introduction 
 In previous work it has been shown that Cu doping in ZnO results in a high 






comprehensive study on ZnO:Cu [2], it is found that the solid solubility of Cu in ZnO 
is ~11 at.%. This is found that ZnO shows a multiferroics-like behavior and bipolar 
charging effect at 8 at.% Cu concentration [2, 3]. However, the limited solid solubility 
of Cu in ZnO hampered the further development of charge storage capabilities in 
ZnO:Cu sample. Therefore, to tackle this enduring challenge, in this study, the 
ZnO:Cu (8%) is further doped with cobalt (Co). Co is chosen as another element for 
doping because it has high solid solubility into ZnO (~30%) [4-6]. To select the 
optimum Co concentration for doping, several samples are first fabricated with 
different concentrations followed by the scanning with X-ray diffraction (XRD) 
technique. The XRD results show that the higher doping concentration results in 
degradation of the crystallinity in the sample (Figure 1).  
 
Figure 8.1 XRD Intensity vs 2θ Plot for various concentration of copper and cobalt in 
ZnO samples. The best peak combination is found for 8% copper and 9% cobalt 
concentration in ZnO. 
 
 The ZnO peak becomes broad and weakened if the Co concentration is more 






representative samples are selected for the study of the surface potential: undoped 
ZnO, ZnO:Co (9%), ZnO:Cu (8%), and ZnO:Cu (8%):Co (9%), those show better 
crystalline structure. 
8.2 Sample preparation 
 Similar to the previous chapters, the samples are deposited using Pulse Laser 
Deposition (PLD) technique by the student from our collaborative groups. The ZnO 
films with four different compositions are used in this study, i.e., undoped ZnO (as 
reference sample), Cu doped ZnO [ZnO:Cu (8 at.%)], Co doped ZnO [ZnO:Co (9 
at.%)] and Cu and Co codoped ZnO [ZnO:Cu (8 at.%):Co (9 at.%)], all on (001) 
Si/SiO2/Ti/Pt substrate, whereas Pt layer is the bottom electrode. The temperature and 
oxygen partial pressure during the film deposition are maintained the same for all the 
samples (600oC and 2×10-4 torr respectively). The XRD (X-Ray Diffraction) results 
show that the preferred textures in all the films are along the c-axis (002) and no 
secondary phase is detected within the limitation of XRD. The nominal thickness of 
the films is found ~ 240 nm. Similar as previous studies, a commercial Scanning 
Probe Microscopy (MFP-3D, Asylum Research, USA) is used, the dc writing is first 
applied in contact mode and followed by KPFM (tapping) mode scanning. A Pt-
coated cantilever tip (tip radius 15 nm) with a spring constant 2 N/m and a resonant 
frequency of 70 kHz (Electric-Lever, Olympus, Japan) is used for the measurement. 
All the KPFM measurements are performed at 3 V ac voltage and a lift height of 40 
nm at ambient conditions.  
8.3 Results and Discussion   
 The surface potential of all the samples are first measured at unbiased 
condition. For this measurement, a 10×10 µm2 area is scanned by making the sample 






all potential values in that area. To study the surface potential changes under the bias 
voltage, positive and negative dc biases are then applied though the cantilever tip on a 
5×5 µm2 area by making the sample grounded at bottom electrode (scan rate 5 µm/sec 
and scan time 256 seconds). As the ZnO and ZnO:Co samples are very conductive, 
only down to -5 V can be used for negative bias, further negative voltage will short 
the circuit between tip and sample. On the other hand, the resistivity for ZnO:Cu and 
ZnO:Cu:Co films are high (~106 ohm-cm  for ZnO:Cu and ~107 ohm-cm for 
ZnO:Cu:Co), thus -10 V is used for negative bias. On the other hand, +10 V is applied 
for all the samples as positive bias. Furthermore, the stability of surface potential 
charge is studied by discharging the surface and scanning the bias area with grounded 
tip. Samples are then held for at least 20 hrs and surface potential values are measured 
again in several time intervals.    
 
Figure 8.2 Surface potential images of (a) immediately after; (b) 1 hr; (c) 2 hrs; and 
(d) 20 hrs after the bias applied to the region on the surface of ZnO:Cu:Co sample. 
The red arrow represents the location and direction of data collection for the 
comparison. 
 
 In addition, as the surface potential values are affected by the charges during 






quantitatively reproducible after biases application [7], hence for better comparison of 
the results across the different film samples, the surface potential values of the 
unbiased region is reset to 0 V for all the cases. Figures 8.2a-8.2d show the surface 
potential images of the ZnO:Cu:Co codoped sample at immediate, 1 hr, 2 hrs and 20 
hrs after the bias application. Brighter or darker regions show the increase or decrease 
in the surface potential values due to applied bias in relative to the unbiased value. 
 The measured surface potential is the contact potential difference (CPD) 
between the tip (eVm) and sample (eVs), (Figure 8.4).  At unbiased condition, the 
undoped ZnO have highest surface potential value (~560 mV) compare to that of the 
ZnO:Co (~ 118 mV) and ZnO:Cu (~ 220 mV), whereas ZnO:Cu:Co (-115.45 mV) 
shows the negative surface potential value. High surface potential value results in a 
Schottky contact between the tip and undoped ZnO. It is noticed that the CPD reduces 
with a Cu or Co doping and ZnO:Cu:Co film show negative value, implying the 
Ohmic contact behavior between the tip and surface of ZnO:Cu:Co. 
To have better understanding of the band structure of these samples and the 
transition from Schottky to Ohmic contact, the ultra-high vacuum ultraviolet 
photoelectron spectroscopy (UPS) analysis is performed (Figure 8.3). Prior to the 
analysis, a pure Pt substrate (reference sample) is measured by UPS and found its 
absolute work function of ~5.27 eV. The UPS result shows that undoped ZnO exhibits 
the work function of 4.48 eV with its work function difference with Pt (from UPS 
data) of ~ 0.8 eV (Table 8.1), this agrees well with the reported results in the literature 
[8]. With the incorporation of Cu and Co, the cutoff of the secondary low energy 
electron is shifted to the lower energy, manifests the increases of the work functions 







Figure 8.3 The UPS results for Pt, ZnO, ZnO:Cu, ZnO:Co and ZnO:Cu:Co film. 
  
Table 8.1 Measured work function values by UPS and contact potential difference 
(CPD) by KPFM for different samples.   
 
Sample description Pt ZnO ZnO:Cu ZnO:Co ZnO:Cu:Co 
Work function (ϕ ) 
by UPS (eV) 5.27 4.48 5.01 5.13 5.37 
Work  function 
difference 
ϕ (Pt)- ϕ (sample) 
(meV) 
 790 260 140 -100 
CPD by KPFM 
(meV)  560 220 118 -115 
Junction type  Schottky Schottky Schottky Ohmic 
 
 It is noted that the work function of ZnO:Cu (5.01 eV) and ZnO:Co (5.13 eV) 
films are lower than that of the Pt (~5.27 eV), showing the Schottky contact behavior 






function (~5.37 eV) than that of Pt, reflecting the Ohmic contact behavior between the 
Pt and surface of ZnO:Cu:Co. This phenomenon has been verified by KPFM 
measurement with CPD difference of -115 meV (Table 8.1). The results indicate that 
the transition of Schottky to Ohmic contact is possible in ZnO system via the control 
of Cu and Co doping (Figure 8.3). 
  
Figure 8.4 Schematic diagram of flat band structure, also representing the location of 
Fermi level for different samples. 
 
 Figure 8.4 shows the schematic band structure and Fermi levels of each 
sample when they are contacted with SPM tip (Pt-coated). The Fermi level of 
undoped ZnO is located ~ 0.2 eV closely to conduction band minimum [9]. The Cu 
and Co acts as electron trapper in ZnO system, suppressing the electron density in 
ZnO. The undoped ZnO exhibited electron concentration ~ 1019 cm-3 and the electron 
concentration of ZnO has reduced by ~ 4 to 5 orders by incorporation of Co or Cu. 
The reduction of electron concentration shifts the Fermi level towards the valence 
band maximum and reduces the work function difference between Pt and sample 
(Table 8.1). The results show that the Fermi level of ZnO:Cu:Co have moved further 
down towards the valence band maximum, and this lead to the transition from   






 Despite the above mechanisms, the charge storage capabilities need to be 
studied further in order to explore their possible applications in these areas. Therefore, 
the changes of the surface potential with time are studied in detail. Figure 8.5 shows 
the changes of the surface potential values with the applied dc biases for all the four 
samples. The surface potential values of un-biased region are reset to zero. Figure 
8.5a shows the surface potential change with the bias for the undoped ZnO sample as 
well as its time dependence characteristics after the bias application. There is no 
significant change in the surface potential values after either positive or negative 
biases application. In general, a positive (negative) bias results injection of holes 
(electrons) on the surface, which can shift the Fermi level upwards (downwards) and 
this result in an increase (decrease) in the surface potential value. The efficiency of 
injection (electrons or holes) depends on the work function difference between the tip 
and the film surface, smaller difference means the higher injection efficiency (see 
appendix B for more detail regarding KPFM on biased surface). For undoped ZnO 
sample, as the unbiased surface potential value is high, or in other words, the number 
of electrons and holes injected on the undoped ZnO surface is very limited. This result 
agrees well with previously reported result for the undoped ZnO film [3]. 
 Figure 8.5b represents the surface potential changes and its time dependence 
behavior for ZnO:Co sample. The results show that there are significant changes in 
the surface potential (± 50 mV) values under the positive and negative biases. As the 
measured CPD between Pt and ZnO:Co film is largely reduced compare to that of the 
Pt and undoped ZnO film, therefore more electrons and holes can be injected into the 







Figure 8.5 The changes of the surface potential values of immediately, 1 hr, 2 hrs and 
20 hrs after the dc biases applied (measured at the arrow location in Figure 8.2) for: 
(a) undoped ZnO, (b) ZnO:Co, (c) ZnO:Cu and (d) ZnO:Cu:Co respectivily. The 
positive and negative biases and there locations are also indicated. 
 
 Figure 8.5c shows the surface potential change and its time dependence 
properties for the ZnO:Cu film. It is observed that the positive bias cause the higher 
(100 mV) potential change than that (50 mV) by the negative bias. For this sample, 
the measured CPD is further reduced compared to that of the Pt with either undoped 
and Co doped ZnO films, therefore more electrons and holes can be injected into the 
sample. The reason for the asymmetric behavior may be due to the contribution of the 
polarization and injected charge to the surface potential value. As it has already been 
shown that Cu doping gives rise to ferroelectric-like behavior in ZnO [3], therefore 






and produce the polarization charge on the surface. Thus polarization charge and 
injected charge can result an asymmetric charge behavior under the applied biases 
(see appendix B). This result again agrees well with previous study [3]. 
 Figure 8.5d is the surface potential change and its time dependence 
characteristics for ZnO:Cu:Co film. The results show that there is a very significant 
potential change in this sample under both positive and negative biases. As the 
measured CPD for ZnO:Cu:Co becomes negative, this indicates the efficiency of 
electron and holes injection are very high. A slightly asymmetric behavior in the 
changes of the surface potential value may also be due to the polarization and injected 
charge effects.  
 To confirm the presence of polarization and injected charge, the biased area is 
scanned with the grounded tip to remove the surface charge from the sample surface. 
Figures 8.6a-8.6c show the surface potential images for the codoped sample 
(ZnO:Co:Cu) at immediate after the bias, as well as after 1st and 2nd scanned by the 
grounded tip. Figure 8.6d shows the surface potential changes in the biased region 
after the scans. It is observed that most of the charge is stored as the polarization and 
injected charge, especially on the positive biased region; whereas more surface charge 
contribute to the charge storage in the negative biased region.  
 Furthermore, in order to explore the charge stability, the time-dependent 
charge relaxation process is studied by measuring the surface potential values at 1 hr, 
2 hrs and 20 hrs interval after the application of the biases (Figures 8.2a to 8.2d). In 
addition, Figures 8.5a-8.5d also shows these time-dependent relaxation results for all 
the four samples. For undoped ZnO, as the electron and holes trapped during the 
writing process are very limited and also the sample is very conductive, the charge 






electrons and holes could trap during the writing process, but still the film is 
conductive, therefore,  almost 75% of charge decayed after 20 hrs. 
 
Figure 8.6 The surface potential image of (a) immediately after, (b) after 1st ground tip 
scan and (c) after 2nd ground tip scan for the ZnO:Cu:Co sample; and (d) the changes 
of the surface potential values immediately after, after 1st and 2nd ground tip scan 
measured at the red arrow location.  
 
 For ZnO:Cu sample, as there is a contribution of polarization charge under 
positive bias, more than 75% of initial charge is still maintained even after 20 hrs. 
However, the decay rate under the negative bias is similar to the case of ZnO:Co 
sample, i.e., most of the charge is disappeared in the negative biased region. This is 






co-doped sample, the results show the good charge stability for both positive and 
negative biases.  First two hour surface potential results show that the initial charge 
decay rate in negative and positive biases is high due to the presence of more surface 
charge. After 20 hrs, the result shows a significant decrease in the decay rates, as 
more than 50% of the initial charge is still stored in the sample. This is because, once 
the surface charge is decayed the sample have polarization and injected charge only, 
which is stable and can last for a long time (The test is terminated at 50 hrs, in which 
the charge decay between 20 hr to 50 hr is found to be negligible).   
8.4 Conclusions  
 In this chapter, we present the long-time bipolar charge stability in Cu and Co 
codoped ZnO thin film. The surface potential results under an unbiased condition 
proved that the contact between the conductive tip (Pt-coated) and codoped ZnO 
surface is Ohmic in nature, which is significantly different from the Schottky contact 
between the tip and undoped ZnO surface. Therefore, more quantity of charge (both 
positive and negative) can be stored in the co-doped ZnO film. In addition, the 
ZnO:Cu:Co film has higher resistivity compare to that of the sample doped by single 
element, which induced polarization in the material. When the dc bias is applied on 
the sample surface, more charge stored as polarization and injected charge rather than 
the surface charge. This produces the long lasting bipolar charge stability in codoped 
ZnO sample. Cu doping in ZnO results stability of positive charge only while the Cu 
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Chapter 9: Ferroelectric-like behavior in undoped zinc oxide thin film 
 
 In Chapters 7 and 8, we have discussed the data and charge storage 
characteristics in the doped zinc oxide thin films. For undoped ZnO film, it is found 
that the contact between the Pt-coated tip and sample surface is Schottky in nature. 
Due to this, only a small quantity of charge could transfer from the tip to the sample 
surface. However, it is found in undoped ZnO that the transfer of the charge depends 
on the nature of contact between the surface and the bottom electrode as well as on 
the conductive tip. This observation gives us a novel idea to perform the contact 
engineering in undoped ZnO thin film to alter its charge transport and storage 
properties. It may also be possible to explore other interesting phenomenon in 
undoped ZnO film, which may be very useful technologically. Therefore, in this 
chapter, we are going to discuss the contact engineering for undoped ZnO thin films 
and its effect on the ferroelectric-like properties. The mechanism of the contact 
engineering in undoped ZnO is still under development and partly presented in this 
chapter. 
9.1 Introduction  
It is well known that the undoped ZnO is typically n-type semiconductor due 
to oxygen vacancy and zinc interstitial [1]. ZnO has the highest piezoelectric response 
among all of the tetrahedrally bonded semiconductors [2]. Due to this property, it is a 
technologically important material for many practical applications which require a 
large electromechanical coupling. That is why ZnO has been studied extensively from 
an experimental point of view, and its mechanical and electrical properties are very 
well documented [1]. If ZnO is compared with other II-VI compounds, such as ZnS, 






piezoelectric response of the other materials are at most one-half of that in the ZnO 
compound [2]. Furthermore, another compound, BeO, with the same structure and the 
same anion, is one of the smallest piezoelectric response materials among the II-VI 
and III-V semiconductors; the piezoelectric response is an order of magnitude smaller 
than that of the ZnO [2]. However, the mechanism for this unusual piezoelectric 
behavior in ZnO is still not very clear.  
Table 9.1 contains the summary of spontaneous polarization in classical 
ferroelectric material together with ZnO. First principle calculation shows that 
undoped ZnO has the high amount of spontaneous polarization [2], but so far there is 
no report on the existence of ferroelectricity in undoped ZnO. This is because ZnO is 
a highly conductive material compare to other classical ferroelectric materials. 
Although the calculation shows that ZnO have sufficiently high amount of 
spontaneous polarization, but this could not been observed by any conventional 
ferroelectric measurement. 
Table 9.1 Summary of the spontaneous polarization observed in some of the classical 
ferroelectric materials and their source. 
  
Materials Spontaneous Polarization  (µC/cm2) 
BeO 50 to 90     [2] 
BTO 24 to 31     [3] 
BFO 88.7           [4] 
PbTiO3 87              [5] 
Bi2FeCrO6 80              [6] 
ZnO 50 to 90     [2] 
  
 
 As discussed in the last chapter, it has been found that the undoped ZnO 
samples show higher surface potential value than that of the codoped (Cu and Co) 






tip to the sample surface depends on the surface potential value; small surface 
potential means large quantity of charge can transfer. Therefore, for undoped ZnO 
sample, only a small amount of charge can be transferred from the conductive tip to 
the sample surface. This was due to the Schottky barrier at the junction of the tip and 
sample surface. On the other hand, when surface potential value is small, the Ohmic 
contact may exist at the junction and a large amount of charge can be transferred to 
the surface from the tip, as for codoped ZnO sample. Although undoped ZnO is very 
conductive, the nature of contact is still the deciding factor for the charge transfer 
between the tip and surface. Therefore, it is necessary to investigate the effects of 
contact’s nature between the sample surface and bottom and top electrodes on the 
various properties in undoped ZnO films.  
 To understand the effects of the nature of contact on ZnO, several undoped 
ZnO thin films are first deposited on different bottom electrodes and two different 
conductive tips (platinum (Pt) and gold (Au) coated) are used for the studies. A very 
interesting ferroelectric behavior is observed in certain combinations of bottom 
electrode material and Pt-coated tip. The best combination is then further investigated 
to understand the mechanisms behind this observation. A wide range of samples are 
then deposited based on the differences in deposition temperature, film thickness and 
oxygen partial pressure.  In this chapter, some important new findings in undoped 
ZnO thin film are being discussed.  
9.2 Sample preparation and experiments 
 All of the samples used in this study are prepared using PLD technique by the 
research staff in the Department of Material Science and Engineering (NUS). The 
deposition procedure is the same as described in the last chapter and also in the 






electrode, film thickness, oxygen partial pressure and deposition temperature. All 
samples used in this study are listed in Table 9.2. Three different materials (Pt, Au 
and ITO – Indium Tin Oxide) are used as a bottom electrode to study the effects of 
contact. Prior to ZnO deposition, a 30 nm thick layer of the bottom electrode was 
deposited first over a Ti/SiO2/Si substrate. Then a 240 nm thick ZnO film is deposited 
on top of the electrode at 600oC and 5x10-4 torr oxygen partial pressure using PLD 
technique.  
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 In another group of samples, six different film thicknesses (30, 70, 130, 170, 
240 and 700 nm) are deposited on the Pt/Ti/SiO2/Si substrate to study the effects of 
the film thickness. To study effects of the oxygen partial pressure, the samples with 
240 nm thick film are deposited under low (5x10-6 torr), medium (2x10-4 torr) and 
high (1x10-3 torr) oxygen partial pressure at 600oC temperature on the Pt/Ti/SiO2/Si 
substrate. Finally, to study the temperature effects, various films with thickness of 240 
nm on Pt/Ti/SiO2/Si substrate are deposited at room temperature, 200oC, 300oC, 






 The structural of the samples are studied by X-ray diffraction (XRD; Briker 
AXS D8 Advance). PFM is used for the piezoelectric characterization for all the 
samples. The same PFM experiment procedures (as described in Chapter 4) are used 
in this study.   
9.3 Results and discussion 
9.3.1 Contact Engineering (Observation of Spontaneous polarization) 
 The first test performed on the undoped ZnO is the contact engineering to 
study the effects of nature of contact between the sample and probe tip. The ZnO 
films are deposited on three different bottom electrodes: Pt, Au and ITO. The crystal 
structures of these samples are measured using XRD technique. The results show that, 
for all of the samples, all the peaks are well-indexed and correspond to a crystalline 
wurtzite ZnO structure with the predominated c-axis (002) texture. Figure 9.1 shows 
the PFM phase image (scanned by Pt-coated tip) in unbiased and biased condition for 
the ZnO sample with (a) Pt, (b) Au, and (c) ITO as the bottom electrode.  These 
results under unbiased condition show the phase response observed in all the samples.  
 As the PFM phase image represents the spontaneous polarization in the 
material, Figure 9.1 therefore shows that the ZnO film has spontaneous polarization. 
However, this is difficult to understand the presence of polarization in a highly 
conductive semiconductor material ZnO. It may be possible that this response is due 
to the charge effect as the undoped ZnO is n-type semiconductor. Therefore, we need 
to further confirm that the phase response is spontaneous polarization. For this, a dc 
bias voltage is then applied on the sample to study the switching behavior. In general, 
the spontaneous polarization can be switched by an applied bias in a ferroelectric 








Figure 9.1 PFM phase image in unbiased and biased condition for the ZnO sample 
with (a) Pt, (b) Au and (c) ITO as bottom electrode, when scanned with a Pt-coated 
tip. Scan size is 10x10 µm2 and bias was applied on the central 5x5 µm2 area. 
 
 The results of phase image after the bias application are also shown in the 
Figure 9.1. A positive dc bias (+10 V) is applied at central 5x5 µm2 area of the image, 
using the Pt-coated tip. In all the samples, the direction of polarization has reversed 
under the biased region. From these results, this can be confirmed that the response in 
the phase image is due to the polarization created in undoped ZnO thin film. It should 
also be noticed that the sample with Pt as the bottom electrode shows more consistent 
switching results compared to the other two samples. Therefore, from the 
experimental results it is observed that Pt as the bottom electrode gives rise to better 






 Above results explains the role of the bottom electrode in contact engineering 
for ZnO film. To further investigate the role of top electrode, an Au-coated tip is used 
to scan all the samples under same conditions. Figure 9.2 shows the PFM phase image 
for the ZnO sample scanned with Au-coated tip and Au as bottom electrode in 
unbiased and biased conditions. At unbiased condition, the results are similar to that 
using the Pt-coated tip. However, the results under biased condition are completely 
different from the results by using Pt-coated tip.  There is no proper switching in the 
biased region. Similar responses are observed in the other two samples with Pt and 
ITO as the bottom electrode when scanned using Au-coated tip. These results clearly 
indicate that the top electrode is important to switch the polarization in ZnO film, 
while the bottom electrode in important for spontaneous polarization. If the bottom 
electrode is Pt, then it has more stable polarization compare to the other materials as 
bottom electrode. If Pt is also used as a top electrode, then the polarization can be 
switched.  
 
Figure 9.2 PFM phase image of ZnO film in unbiased and biased condition when  Au-
coated tip as top electrode and Au is also used as bottom electrode  Scan size is 10x10 
µm2 and bias was applied on 5x5 µm2.  
 
 It is now necessary to discuss the physics behind these different effects caused 






for the switching of polarization; in the above study it is found that only Pt-coated tip 
can switch the polarization in ZnO. This shows that the nature of contact between the 
sample surface and the SPM tip (top electrode) is an important factor. For Pt-coated 
tip, the nature of contact with ZnO film surface is Schottky compared to the Au-
coated tip. Due to the Schottky contact, there is a barrier layer on the tip-surface 
junction, because of this barrier layer the conductive nature of the ZnO converts into 
the insulating-like behavior at the contact. Therefore, this insulating nature at the 
junction causes the observation of polarization in the undoped ZnO thin film. Hence, 
when an electric field is applied, this polarization dipole can be switched. We need to 
notice that this insulating-like behavior is only in the localized region near the 
junction, and this result in the ferroelectric-like behavior, the overall sample is still 
conductive. In addition, the role of the bottom electrode during the polarization is to 
control the initial spontaneous polarization state, or the orientation of the dipole 
before any bias applied. Pt as a bottom electrode can give rise to more number of 
oriented dipoles in ZnO film compare to the Au and ITO.  This effect may be due to 
the pinning effect when ZnO is contacted with Pt.  
9.3.2 Hysteresis loop (Confirmation of ferroelectric-like behavior) 
 The results in previous section have shown that the polarization in ZnO can be 
switched by a Pt-coated tip.  To further understand the nature of the polarization 
switch, the hysteresis loop is measured for this sample. SS-PFM is used to measure 
the hysteresis and amplitude loop for a 240 nm ZnO thin film sample on Pt bottom 
electrode using the same testing procedure as described in Chapter 4. Figure 9.3 
shows the hysteresis and amplitude loops at two different locations on undoped ZnO 
thin film surface. It is very interesting to notice that the hysteresis and amplitude 






perfect butterfly shape amplitude (strain) loops). In addition, the probability of 
obtaining such loops in this sample (Pt as bottom electrode) is found to be almost 
100%. Therefore, it is reasonable to state that the undoped ZnO thin film shows 
ferroelectric-like behavior with proper contact engineering.  
 
 
Figure 9.3 Hysteresis and amplitude loop measured at two locations (Inset is the PFM 
phase image showing the phase change during switching) in a ZnO sample with Pt as 
bottom electrode.  
 
 
 Once the ferroelectric-like behavior in ZnO is confirmed, the samples are 
further tested for time-dependent properties of polarization switching.  In this test, the 
switching is repeated for 300 cycles at one location. If the hysteresis and amplitude 
loops are consistent, even after a repeated number of cycles, then this material can be 
considered as a possible material for the memory device applications.  
 Figure 9.4 shows the result of the hysteresis loop measured after 300 cycles 
and the first 50 loops together. The loop after 300 cycles still shows its perfect shape 
similar to the first cycle or like in other ferroelectric materials; only the strain value is 






shape and magnitude in the switching behavior. The important observation is that the 
ferroelectric-like behavior of the ZnO is stable even after so many numbers of 
switching cycles. Therefore, from these results also can be concluded that the 
undoped ZnO can show ferroelectric-like behavior after proper contact engineering. 
  
 
Figure 9.4 Hysteresis and amplitude loop response of ZnO thin film sample after (a) 
300 cycles and (b) 50 loops at a time. 
 
9.3.3 Surface charge effect on polarization 
 SS-PFM results confirm that the polarization observed in undoped ZnO can be 
switched under electric field, which is similar to the ferroelectric materials. However, 
some materials like electrets show polarization due to the internally charged surface, 
their polarization can be switched by an electric field and hysteretic effect can be 
observed. Although electrets are insulating or dielectric in nature and ZnO is highly 
conductive, it is better to investigate the role of surface charge here. To rule out this 
possibility, ZnO sample is tested for polarization switching after surface charge 
removal using a static charge remover device (STABLO-EX, SHIMADZU, Japan). 
Sample is held under the device for 20 minutes and the device remains on during the 
entire experiment of polarization switching. Figure 9.5 shows the polarization 






removal. Results still shows clear polarization switching as before, and confirm that 
polarization is not due to the presence of surface charge in ZnO thin film.  
 
Figure 9.5 PFM phase response (a) before, and (b) after the dc bias application when 
the surface charge is removed using static charge remover. 
   
9.3.4 Film thickness effect on the ferroelectric-like behavior of ZnO 
 As in chapter 2 it has been discussed that without top electrode the PFM 
response is highly localized and the electric field produced is non-uniform therefore, 
it is important to study the film thickness effect on the ferroelectric-like behavior in 
undoped ZnO. To study the effects of the film thickness, a number of ZnO film 
samples are prepared with different thickness ranging from 30 nm to 700 nm. The 
PFM is then used to image the phase and amplitude for all the samples; this is 
followed by a positive dc bias (+10 V) writing to observe the polarization reversal 
behavior. 
 Figure 9.6 shows the PFM phase image for the ZnO samples with different 
thicknesses after the positive dc bias writing at the central area of the images. Results 
clearly indicate that the ferroelectric-like behavior depends on the film thickness. For 
a very thin sample, the switching is quite consistent; as in the case of 30 nm and 70 






show certain charge leakage (see dark color in (c) and (d) image in Figure 9.6 outside 
the poled region) during polarization switching.   
 
Figure 9.6 PFM phase image for the different thickness ZnO samples after the 
positive dc bias application. Scan size is 10x10 µm2 and bias was applied on the 
central 5x5 µm2 area.  
 
 The results for the film with the thickness of 240 nm film are also very clear, 
but for the film with the thickness of 700 nm, switching is very limited and not all the 
domains are switched within the biased region. For the thicker sample, it is difficult to 
switch the polarization probably due to the limitation of the PFM voltage. 
Nevertheless, the results suggest that there is an optimal thickness for the film to show 
the consistent and polarization switching behavior.  
 To further investigate the effects of the film thickness, a time-dependent 
polarization switching studies are performed. The two samples with thickness of 70 
nm and 240 nm are selected for this test; this is because, the two samples show better 
switching results during the bias application. In this time-dependent test, a positive dc 






PFM phase and amplitude are measured after certain period of time intervals. Figure 
9.7 shows the time-dependent polarization result on these two samples at just after 
and 20 to 50 hours after the dc bias application.  
 
 
Figure 9.7 Time dependent polarization results for 240nm thick film (a) just after, (b) 
after 20 hrs, (c) after 50 hrs and for 70nm thick film (d) just after, (e) after 20 hrs of 
dc bias application. Scan size is 10x10 µm2 and bias was applied on 5x5 µm2.  
 
 It is noticed that the initial polarization states in the two samples are similar; 
almost all the domains in the biased region are switched completely. However, for the 
70 nm sample after 20 hrs of poling, 90% of the switched domain has reversed to the 
original orientation, whereas for the 240 nm sample, majority of the switched domains 
are still stable in the switched state. In fact, only approximately 20% of domains are 
reversed back to their original orientation after 50 hours, which shows a very stable 
and long-time retained polarization state. This is an important observation found in 
undoped ZnO for information storage applications. 
 These results suggest that the thinner film also shows good polarization 






slightly thicker film (240nm), shows the better initial polarization state together with 
better switching phenomenon; which can hold the switched state for long time (50 hrs 
in this study). Therefore, thickness plays an important role in controlling the domain 
switching behavior (memory effect) in undoped ZnO thin film. There may be an 
optimal thickness to achieve the best performance in the polarization switching and its 
retention for long time; for the samples studied in this work, this value is found to be 
approximately 240 nm.  
9.3.5 Effects of oxygen partial pressure during deposition of thin films 
 The third factor which may contribute to the ferroelectric-like behavior in the 
ZnO films is the oxygen partial pressure used for film deposition. It is well known 
that the defects in undoped ZnO are oxygen vacancies and Zn interstitials [1]. These 
two parameters play an important role to induce spontaneous polarization in undoped 
ZnO thin film. The migration of oxygen vacancy can create local polarization state 
which can be switched by the application of a dc bias. Therefore, oxygen partial 
pressure during the film deposition should also plays an important role as it controls 
the number of oxygen vacancies or the defect structure inside the ZnO film. In this 
study, the samples are deposited on three different oxygen partial pressures, i.e., low 
pressure (5x10-6 torr), medium pressure (2x10-4 torr) and high pressure (1x10-3 torr). 
All the samples are deposited on Pt electrode and with a thickness of ~ 240 nm 
(optimum thickness). Figure 9.8 shows the effects of oxygen partial pressure on time-
dependent polarization switching of the films just after, and 1 hr after the switching.  
 The time-dependent polarization switching results for the samples deposited at 
high oxygen partial pressure are better than the samples deposited at low and medium 
partial pressure. Under the high partial pressure, the film should contain less number 






more ordered defect structures inside the film. These ordered defect structures 
(oxygen vacancies) may give rise to the electrical dipoles inside the film which are 
electrically very stable. 
 
Figure 9.8 Effect of oxygen partial pressure on the time polarization of 240nm thick 
films just after and after 1 hr of dc writing for low pressure (a) & (b), medium 
pressure (c) & (d) and high pressure (e) & (f). Scan size is 10x10 µm2 and bias was 
applied on the central area of 5x5 µm2.   
 
 When the bias voltage is applied on the film, polarization can be switched 
completely. Medium or low partial pressures may result in a large number of oxygen 
vacancies, but less oriented dipoles in the film. Having less oriented dipoles in the 
film may not be favorable to hold the polarization for a long time due to the large 
number of free flowing positive charges (oxygen vacancy). Therefore, these results 
suggest that the oxygen partial pressure also controls the domain switching and 
retention through the oxygen vacancies. More theoretical studies are needed to 








9.3.6 Effects of deposition temperature on ferroelectric-like behavior 
 The effects of deposition temperature are also studied to determine the most 
suitable deposition temperature for the materials with ferroelectric-like behavior. 
Several film samples are deposited at different temperatures ranging from room 
temperature (RT) to 800oC. The main effects of deposition temperature are found on 
the crystalline structure and the grain size of the film. Low deposition temperature 
usually results in smaller grain size and less crystalline structure.  
  
Figure 9.9 Topographic image of samples deposited at different temperatures, is 
showing the difference in grain size.   
 
 Figure 9.9 shows the grain structures of the film samples deposited at different 
temperatures. The grain size is reduced significantly by lowering the deposition 
temperature. The results also show that, at very high temperature, the grain structures 
are distorted significantly. The temperature range from 400oC to 600oC results in a 
perfectly crystalline structure (confirmed by XRD) and also it is found that those 






partially amorphous structure reduces the amount of polarization. Hence, no 
polarization switching is observed. On the other hand, the initial spontaneous 
polarization is destroyed for the sample deposited at 800oC. Therefore, these results 
suggest that the ferroelectric-like behavior can only be observed in the samples with 
fully crystalline structure and a particular range of grain sizes. 
  9.3.7 Effects of applied voltage (switching of polarization) 
 Previous sections have discussed the effects of various processing parameters 
during the film deposition to the ferroelectric-like behavior of the undoped ZnO film. 
This section discusses the effects of the applied voltage to the ferroelectric-like 
behavior. In this study, a series of positive dc biases is applied on the surface of the 
sample with a thickness of ~ 240 nm. This film is deposited on Pt electrode under 
high oxygen partial pressure at 600oC. Figure 9.10a shows the PFM phase response 
under a series positive biases as well as the polarization switching response. There is 
no polarization switching if the bias is below +6 V. This indicates that there is a 
critical value for the positive bias to cause the domain switching, i.e., +6 V in this 
case. Subsequently, the +6 V dc bias is used to make the dc writing in the central 5x5 
µm2 area. Figure 9.10b shows the results of domain writing by +6 V on the same 
sample. The nucleation of domain switching is observed at +6 V. However, the 
polarization is not switched completely as a slightly higher voltage is needed. 
 To test the writing and rewriting capability of this sample, a negative biased is 
also applied to switch the polarization in the positive bias area. From the polarization 
switching results (hysteresis loop) it is observed that a small negative bias (nearly -2 
V) is enough to reverse the switched domain. Therefore, a -2 V bias is applied 







Figure 9.10 (a) Representing the biased voltage effect on polarization switching 
behavior, (b) switching by +6 V dc bias, (c) switching by -2 V dc bias and (d) again 
re-switching by +6 V dc bias. Scan size is 10x10 µm2 and bias was applied on 5x5 
µm2. 
 
 Figure 9.10c shows the result of polarization switching under -2 V bias. The 
results show that the switched polarization (under +6 V) is completely reversed to its 
original state. There is no visible difference between the central area (after +6 V /-2 V 
bias applications) and the surrounded area. After this, a +6 V bias is applied again at 
the same area to perform the re-switching process in the film. Figure 9.10d shows the 
re-switching result with a +6 V dc bias on the same area which is previously switched 
by +6 V and reversed by -2 V bias. It is found that more amount of polarization is 
switched in the biased area compare to the first time switching.  These results are very 










 This chapter includes our recent findings and discussion on the main factors 
affecting the ferroelectric-like behavior in undoped ZnO film. At the time of the 
completion of this thesis, the mechanisms of this ferroelectric-like behavior are still 
under development. This detailed investigation on undoped ZnO thin film using 
contact engineering provides very useful information regarding the physics and 
mechanisms for such ferroelectric-like behavior. As the theoretical calculation shows 
that the ZnO have spontaneous polarization but cannot be observed in conventional 
experiments due to its high conductivity. In this study, it is found that the ZnO can 
show ferroelectric-like behavior under the combination of certain conditions: such as 
(i) the contacts between the film with the top and bottom electrodes (Pt-ZnO-Pt type 
structure); (ii) thickness of the film; (iii) oxygen partial pressure and temperature 
during the deposition; (iv) crystallinity and grain size of the films; and (v) the applied 
bias. Contact engineering suggests that a Schottky junction is required to observe the 
ferroelectric-like behavior in the undoped ZnO thin film. If the proper conditions are 
applied, then ZnO can be used as a very promising information storage material.  It is 
already known that ZnO has a defect structure due to the oxygen vacancies and the 
zinc interstitials. Results of oxygen partial pressure study show that the film deposited 
at high partial pressure gives better polarization state and switching behavior, it is 
therefore suggested that the polarization in ZnO is controlled by the oxygen vacancies 
to certain extent. High oxygen partial pressure during the sample deposition results in 
a better polarization compare to the samples deposited at medium and low partial 
pressures. This polarization can be switched easily using dc bias and is also stable for 






The effects of the film thickness reveal that, if the film is too thin, then the 
switched polarization can reverse back in a short period of time. This may be due to 
the strong pinning effect of the Pt bottom electrode which provides drive force to 
cause the polarization switch back to its initial state. Hence a certain thickness of film 
is needed (close to 240nm in this work). For thicker film, higher voltage is required to 
switch the polarization, which is beyond the capability of the PFM used in this study. 
The effects of deposition temperatures shows that film deposited below 400oC 
is not fully crystalline so the polarization switching cannot be observed; on the other 
hand, the polarization behavior is also completely diminished for the film which is 
deposited at the temperature higher than 600oC. This is most likely due to the 
temperature effects on oxygen diffusion inside the film, as the temperature directly 
controls the level of oxygen vacancies inside the film. Therefore, the deposition 
temperature is an important parameter for the ferroelectric-like effect in ZnO film.   
These results suggest that the ZnO thin film has ferroelectric-like behavior. 
Positive bias can switch the polarization whereas negative bias can reverse it. 
However, certain critical values exist for both positive and negative biases. Time-
dependent test shows that the switched polarization is stable for more than 50 hrs.  It 
is therefore concluded that if proper contact engineering is done in undoped ZnO thin 
film and with proper deposition conditions, ZnO can be used as a ferroelectric-like 
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Chapter 10: Conclusions and Recommendations 
 
 
This research work mainly discussed the application of scanning probe 
microscopy techniques to characterize the two different multifunctional materials, 
BiFeO3 (BFO) and ZnO. Most of the work is focused to understand the Local 
excitation response of PFM on different ferroelectric and piezoelectric materials.  
Firstly, the combined effects of mechanical stress and magnetic field on the 
ferroelectric properties of undoped BFO were studied. In addition, the effects of 
magnesium doping on Bi0.9La0.1FeO3 (BLFO) thin films were also investigated. 
Secondly, for ZnO, the effects of copper doping on its ferroelectric-like nature, and 
copper and cobalt co-doping for its bipolar charge stabilities were studied. Lastly, 
undoped ZnO was investigated for its unique ferroelectric-like behavior under certain 
conditions. General conclusions from this research work and the recommendations for 
future work are summarized below. 
 
10.1 SPM study on BFO based materials 
 The combined effects of mechanical stress and magnetic field were 
investigated on the basic ferroelectric behavior of BFO films using PFM & KPFM. 
Mechanical stress was applied using the micro-indentation (1.96 N and 2.94 N Load) 
and a permanent magnet of flux density 3200 Gauss was used to apply magnetic field. 
The PFM study suggested that there was a slight rotation in the ferroelectric domain 
angles near the indentation crack and the side of indentation cavity due to the 
presence of residual biaxial stresses. Conversely, when magnetic field was applied in 






direction opposite to that under the stressed condition. If the direction of the magnetic 
field was changed to in-plane direction then the domain rotated in a direction similar 
to that under the stressed condition. Piezoelectric coefficient (dzz) results suggested 
that the strain increased when the mechanical stress was applied to the sample and it 
slightly decreased when the magnetic field was also applied to this sample. Surface 
potential results concluded that there was no significant change when only mechanical 
stress was applied; when the magnetic field was also applied surface potential 
changed significantly. Domain switching results suggested that the remanent 
polarization increased whereas coercive field decreased under the mechanical stress; 
when the magnetic field was applied in addition to the mechanical stress, the coercive 
field also increased significantly. 
 For doped BFO, the effects of Mg doping on the piezoelectric and charge 
transport properties of BLFO thin films were studied. Mg doping in BLFO structures 
caused oxygen vacancies to maintain the charge balance. Switching spectroscopy 
results concluded that domain switching under the probe in Mg doped BLFO was 
difficult because the defects present in the material acted as a pinning center for 
domain wall. Therefore, higher coercive field or dc voltage was required to switch the 
domain under the probe. Polarization-fatigue using dc bias writing suggested that 
polarization increased (switched domains) after each writing step in 2% Mg doped 
sample unlike in the undoped BLFO sample. Polarization-retention test concluded 
that Mg doped sample can hold the polarization for a long time by slowing down the 
domain relaxation process, which is a useful property for the information storage 
capabilities of the material. KPFM results confirmed the presence and migration of 
oxygen vacancy in the doped sample, because the Ohmic contact between the probe 






 The working mechanism behind these changes in properties of BLFO is 
related to the Mg2+ ion doping, that has 2+ charges and replaces the Fe3+ with 3+ 
charges. This charge difference between the two ions induces the oxygen vacancies at 
some places inside the lattice. Migration of these oxygen vacancies creates a situation 
similar to the p-n junction in the sample. This creates an internal electric field in the 
sample, which provides enough driving force for the domain reversal. That is why 
switching by dc bias became more consistent in our work. At the same time oxygen 
vacancies act as the point defects in structures and create the pinning effect to the 
domain walls, which slow down the domain relaxation process.   
 
10.2 SPM study on ZnO based materials 
 In the first study, the effects of copper doping on the properties of zinc oxide 
were investigated. It was found that copper doping caused the ferroelectric-like 
behavior in ZnO samples. In addition, it was found that the positive bias could switch 
the domain while there was almost no effect of negative bias. The latter was due to 
the internal self-polarized state of polarization which was aligned to the direction of 
the field created by negative bias. Hysteresis and strain loop results also showed the 
similar effect of positive and negative dc bias on the polarization switching behavior. 
Furthermore, the results based on time-dependent polarization switching concluded 
that the switched polarization could last for more than 65 hrs. These observations 
from the first study suggested that the Cu doped zinc oxide can be a promising 
candidate for future data storage applications given that the positive bias is used for 







 In the second study, the long-time bipolar charge stability in Cu and Co 
codoped ZnO thin film was investigated. The surface potential results under an 
unbiased condition revealed that the contact between the conductive tip (Pt-coated) 
and the codoped ZnO sample surface turned Ohmic to the Schottky contact between 
the conductive tip and undoped ZnO sample surface. Therefore, more charge (both 
positive and negative) could be stored in the codoped ZnO film. In addition, the 
codoped ZnO film had a higher resistivity compared with that of the sample doped by 
a single element, which induced the polarization in the ZnO. Thus, when the dc bias 
was applied on the sample surface, more charge could be stored as polarization and 
injected charge rather than the surface charge, which further gave rise to the long 
lasting charge stability of the bipolar charge in Cu and Co codoped ZnO thin film. 
 Finally, the undoped ZnO was studied for its unique ferroelectric-like 
properties and the factors affecting it. Theoretical calculations have suggested that the 
ZnO should have a high amount of spontaneous polarization which could not be 
observed by any conventional polarization measurement methods due to its highly 
conductive nature. In this work, it was found that the ZnO can show ferroelectric-like 
behavior under certain combinations of conditions. Several factors which affect this 
behavior were found to be: (i) the nature of contact between the sample surface and 
both the top and bottom electrodes; (ii) the thickness of the film; (iii) oxygen partial 
pressure and temperature during the deposition; (iv) crystallinity and grain size of the 
films; and (v) the applied bias. Contact engineering suggested that a Schottky junction 
is required to observe the ferroelectric-like behavior in the undoped ZnO thin film. 
Oxygen partial pressure study showed that the film deposited at high pressure showed 






 The effects of the film thickness revealed that, if the film was too thin, then 
the switched polarization was not stable for long time and returned to its initial state 
in a short period of time. Therefore, a certain thickness of the film was necessary 
(close to 240 nm in this work) to observe this phenomenon. For a thicker film, higher 
voltage was required to switch the polarization, which was beyond the capability of 
the PFM used in this work. Deposition temperature studies suggested that the 
operating temperature of the film deposition should be between 400oC to 600oC. The 
films deposited in this range showed fully crystalline and optimum grain size 
structure, which induced better ferroelectric-like phenomenon. Applied bias results 
showed that minimum +6 V was required to switch (write) the domains and –2 V to 
reverse (erase) it to the original state.  Therefore, if the proper conditions are applied, 
then ZnO can be used as a very promising information storage material.  
 These results in undoped ZnO are observed mainly due to the effect of oxygen 
vacancies. It is already known that ZnO has a defect structure due to the oxygen 
vacancies and the zinc interstitials. Therefore it is suggested here that the polarization 
in ZnO should be controlled by the oxygen vacancies to a certain extent. High oxygen 
partial pressure during the sample deposition results in better distribution of vacancies 
compared with the samples deposited at medium and low partial pressures; this 
enhanced the initial polarization. When the dipoles are orderly arranged inside the 
sample these can be switched easily and also are stable for a very long period of time. 
However, an excess number of vacancies may cause instability of the switched 
domains. Also the contact between the electrodes and ZnO film also plays an 
important role in switching of polarization. This switching is induced by the Schottky 






10.3 Recommendations for Future Works 
10.3.1 BFO based materials 
For BFO, it is found that the mechanical stress and magnetic field can affect 
the local ferroelectric behavior of thin film samples. For applying the mechanical 
stress on the film, indentations were made on the film surface, which caused the 
residual biaxial stresses near the indentation cavity. Therefore it is hard to get the 
exact stress value and its nature (compressive or tensile) from this method of stress 
application. Due to this limitation we could not establish a proper relationship 
between the applied stress and its corresponding change in the ferroelectric response 
for the BFO thin film samples. Therefore, to relate stress with ferroelectric response 
more quantitatively, a proper device which could be mounted on PFM is required; 
such fixture can apply and measure stress (tensile or compressive) at the same time 
with the ferroelectric response measurement by PFM.  
For the doped BLFO sample, it is found that Mg doping changed its local 
ferroelectric behavior. The surface potential study revealed that doped sample can 
hold the bipolar charge in more quantity than the undoped one. These behaviors are 
observed due to the presence and migration of the oxygen vacancy in the doped 
sample when an electric field was applied. However, to understand the proper 
mechanism, theoretical calculations are needed for the locally excited ferroelectric 
response in PFM on the grounds that the electric field under the conductive probe 
(without top electrode) is highly non-uniform in PFM. In addition, to understand the 
role of oxygen vacancies in BLFO thin films more samples should be deposited using 
different oxygen partial pressures for one particular composition. Then all the samples 
should be analyzed experimentally and theoretically in order to understand the role of 






For the 4% Mg doped BLFO sample, the hysteresis and polarization-fatigue 
and polarization-retention studies could not be conducted properly due to the voltage 
limitation of PFM used in this study. Therefore, a more comprehensive study is 
required to investigate the highly doped BLFO sample by using a SPM attached with 
high voltage module.  
10.3.2 ZnO based materials 
For the doped ZnO samples, it is observed that Cu and Co codoping caused 
the charge storage possibility in ZnO thin films. More research will be required to 
explore this system which may offer even longer charge stabilization. The effects of 
other doping elements can also be studied along the same line. 
For the undoped ZnO samples, we observed a ferroelectric-like behavior once 
proper contact engineering is done. This may open a new research area for the 
undoped ZnO thin film used for information storage application. It is observed that 
several factors play important roles in this phenomenon. Oxygen vacancy and Pt as 
bottom and top electrodes are the two main factors. However, the mechanisms behind 
such a phenomenon need to be studied in detail. Therefore, a first principle 
calculation is required to understand the roles of oxygen vacancy and Pt electrode in 
this local ferroelectric-like behavior.  
In this work, only Pt, Au and ITO were used as bottom electrodes for the 
contact engineering. Other conductive oxides with lattice matching with ferroelectric 
materials can also be used as the bottom electrode such as conductive perovskite 
oxides, LSMO, LNO and SRO. Other conductive tips can also be used to pole the 
sample in order to have a better understanding of the phenomenon.  






 As we mentioned earlier, a new methodology for determining the mechanical 
properties of ultra-thin films has been developed in the early part of this work; 
therefore these methods can be used to test the mechanical reliability of the 
multiferroic thin films. Thin films used for information and charge storage application 
continuously undergo writing and erasing process. In both conditions, there is a 
change in the structure, which implies the development of stresses in the film. The 
measurement of mechanical properties in both the writing and erasing processes may 
give some very useful information regarding these materials used in the design and 
application of the devices.   





































Figure A-1 Ferroelectric domain orientation near the crack location after the 
application of magnetic field (a) N-S direction, N faces film and (b) S-N direction, S 
faces film.  
 
 These results show that when the magnetic field is applied in the N-S direction 
the domain orientation is similar to the as deposited sample (before the stress 
application). This verifies that the two forces (magnetic and mechanical stress) are in 
opposite directions and thus reduce the effect of one another. When the magnetic field 
is applied in the S-N direction, the two effects get combined and most of the domains 









Appendix B: Effect of dc bias on KPFM measurement 
 
Figure B-1 Schematic diagram representing the effect of dc bias application on the 
surface potential measurement in KPFM.  
 
 In general KPFM measures the surface potential in tapping mode (non-
contact). When a negative or positive (Figure B-1) bias is applied to a ferroelectric 
surface, some of the charges (electrons or holes) injected inside the material, some 
stay on the surface, at the same time the dipole reorientation also take place due to the 
presence of electric field, which creates a polarization charge on the surface. If KPFM 
is done on a biased surface then all the three types of charge (surface, injected and 
polarization) can contribute to the surface potential depending on the nature of 
material. To observe the contribution of surface charge, samples should be scanned 
with a grounded tip in contact mode to remove surface charge. Rest surface potential 
is due to the contribution of injected and polarization charge. To find the presence of 
polarization charge, PFM scan on the same biased area can help to reveal the presence 
of polarization switching. Rest is the contribution of injected charge.   
